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Understanding the crack initiation and propagation mechanisms of a polycrystalline ma-
terial under cyclic loading remains a challenging problem. Complicated crystal stresses
arising from single crystal anisotropy and complex grain and phase morphologies make
the prediction of crack initiation and propagation at the grain scale dicult. In this
work, oxygen free high conductivity copper specimens were cyclically loaded while
high energy synchrotron x-ray diraction experiments were performed to ﬁnd the ori-
entation dependent crystal stresses. From the x-ray diraction data, the lattice strains
and the peak widths were measured for several crystallographic planes oriented in many
dierent directions at various points along a specimen’s life. Using the lattice strain
measurements, crystal elastic strain distribution and stress distribution over orientation
space were calculated. It was found that the evolution of the crystal stress distribution
over orientation space with respect to specimen life is small but not negligible. The peak
widths associated with the dislocation density and the distribution of elastic strain in a
material also showed small changes with respect to specimen life indicating changes in
the grain size scale. The contributions from changes in dislocation density and elastic
strain distribution to the peak widths were decomposed and showed that while the elas-
tic strain distribution over orientation space is complicated, its contribution to the peak
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xixCHAPTER 1
INTRODUCTION
Engineering alloys are often composed of many crystals. A crystal is a continuous
domain in the polycrystalline aggregate in which the orientation of the lattice that
constitutes the crystal is identical. A lattice is a systematic arrangement of atoms1.
While many complicated crystal lattice structures exist, face-centered cubic (fcc), body-
centered cubic (bcc), and hexagonal closed packed (hcp) lattices are the most common
lattices in engineering alloys.
The mechanical properties of a single crystal are anisotropic [4]. Figure 1.1 shows
two examples of single crystal anisotropy (the directional Young’s modulus and the
Taylor factor2) plotted over the fundamental triangle. The crystals or grains have com-
plicated morphology and the orientations of crystals are usually not uniform [5]. These
characteristics make the behavior of the polycrystalline material at the grain scale com-
plicated and the loading condition for a grain in a polycrystalline bulk is not necessarily
the same as the macroscopic counterpart [6, 7, 8, 9].
Many mechanical devices and components are made of polycrystalline alloys. They
are often exposed to multi-axial stress states and fail3. One common failure mode is
fatigue where a mechanical device or a component fails after repeated or cyclic loading
even if the applied load in a single cycle is small [10, 11].
1More strictly speaking, motif is systematically repeated. A motif can be an atom or a molecule. For
a detailed treatment of crystallography, the readers are referred to [3]
2Taylor factor is the ratio between the critically resolved shear stress and the applied stress assuming
polyslip. The readers are referred to [4] for details.
3Failure is when a mechanical device or a component can no longer perform the objectives it was
designed for. There are several failure modes. Yielding and fracture are common failure modes.
1(a) Directional Young’s modulus of sin-
gle crystal copper under uniaxial ten-
sion displayed in the fundamental trian-
gle. The colorbar unit is GPa.
(b) Taylor factor for a single crystal cop-
per under uniaxial tension displayed in
the fundamental triangle. The colorbar
is unitless.
Figure 1.1: Anisotropic properties of a single crystal copper.
1.1 Traditional Approaches to Fatigue
The behavior of polycrystalline alloys under cyclic loading is not well-understood and
remains a challenging problem. One traditional approach to fatigue has focused on
building empirical correlations between macroscopic cyclic loading conditions and fail-
ure [12]. This method still is widely used today [13, 14, 15, 16, 17, 18]. In this approach,
a set of experiments are conducted where the specimens are subject to a known set of
cyclic loading conditions. The applied cyclic load can take many dierent shapes. A
commonly used cyclic load is uniaxial sinusoidal loading deﬁned by the maximum and
the minimum stresses (Smax and Smin respectively) in a load controlled experiment and
the frequency, f. Given a set of loading parameters, a specimen is cycled until failure.
The deﬁnition of failure can range from complete rupture of a specimen to initiation
of a detectable crack. The loading parameters are then systematically varied for many
specimens.
Based on many cyclic loading experiments, the loading parameters and the number
2of cycles to failure, Nf, are correlated. A common correlation for a set of load controlled
uniaxial cyclic experimental data is relating the stress amplitude, Samp, with Nf where
Samp represents the magnitude of the dierence between Smax and Smin. This correlation
is known as the S-N curve ﬁrst proposed by W¨ ohler [19]. For situations involving larger
cyclic loads, the experiments are run in strain control and various forms of the strain
amplitudes are correlated to Nf, the most famous being the Con-Manson relationship
[20, 21] to predict material behavior for cyclic loads with large inelastic strains. These
models are built on idealized uniaxial cyclic loading experiments and the Palmgren-
Miner rule [22] was proposed to account for the ﬂuctuations in frequency during a life of
a component. The eect of the environment such as temperature, humidity, and salinity
on Nf is accounted for by a set of coecients. Multiaxial macroscopic cyclic loading
and its eect on Nf are compensated by correlating various forms of eective stresses
and Nf. While relating the macroscopic loading conditions and Nf provides engineers
with guidelines to design against fatigue failures, it does not explain the nature of fatigue
failure mechanisms.
Another common approach introduced by Paris [23] focuses on predicting and esti-
mating the crack propagation rates. The underlying idea is that cracks in a component
do not necessarily imply failure of the component as long as the propagation rates of
the cracks can be predicted. There are many experimental techniques to measure the
crack propagation rates [24, 25, 26] and has been applied to many dierent materials
[27, 28, 29, 30] under complicated loading conditions [31]. Combined with ideas from
fracture mechanics, complex models were introduced to explain and to predict crack
propagation [32, 33, 34].
Similar to the approaches discussed previously, the crack propagation rates are often
correlated to the macroscopic cyclic loading conditions as information at the crystal
3scale is unavailable. Thus, even in this approach, the stress states that lead to crack
initiation and propagation are not well understood. This is especially the case when the
crack sizes are on the order of grain size. In many cases, the multiaxiality of the applied
stress further complicates the crack initiation and propagation and a model that works
well in one loading condition usually does not work well in other loading conditions.
1.2 Microstructure Characterization
Many microscopy techniques have shown that the microstructure such as the grain mor-
phology or the arrangement of dislocations of a polycrystalline material evolve when the
polycrystalline aggregate is under cyclic loading. [1, 35, 36]. Optical microscopy has
shown that the fracture surface of a component is complex with dierent fracture sur-
face features appearing as thecrack initiates, propagates, and eventually ruptures [37].
Secondary electron images and transmission electron images have shown that surface
features such as persistent slip bands, cell wall structures, extrusions, and intrusions
form at various stages of single crystal and polycrystalline specimens’ lives as they are
cyclically loaded [38, 39, 40, 41]. Figure 1.2 shows several examples of the surface
features that form when a polycrystalline material is cyclically loaded. Many models
were proposed to explain the formation of these surface features and their evolution into
fatigue crack based on crystal slip systems and dislocation mechanics [42, 1, 43].
While microscopic observations and models based on them yielded some success in
understanding crack initiation and propagation, several limitations still exist [1]. Many
microscopic observations at the grain scale are limited to the surface only. The internal
microstructure, let alone the internal stresses in the crystal level, is unknown and is of-
ten not taken into consideration. Surface features do not form in all loading conditions.
4Figure 1.2: Fatigue crack initiation near a persistent slip band in a copper single
crystal [1].
Researchers have found that depending on the macroscopic loading condition and the
orientation of the crystals with respect to the macroscopic load, dierent surface fea-
tures can form. Furthermore, even if surface features form in a specimen, not all surface
features lead to fatigue failure [44, 45, 46, 47]. Some remain static while others develop
into cracks. Similarly many cracks remain stationary or propagate in a slow rate while
other propagate to cause fatigue failure. Ultimately, these microscopic studies are lim-
ited to observation only. The micromechanical stress states that drive the initiation and
propagation of cracks are still unknown.
1.3 Internal Stresses
The importance of internal stress for promoting or deterring the propagation of large
fatigue crack has been well known. It is generally found that a compressive pre-stress
onaspecimenunderuniaxialcyclicloadingpreventscrackpropagationandprolongsthe
life of the specimen. Thus, many processes such as pre-stressing and coating techniques
have been extensively investigated to prolong the life of a component. While many
researchers in the ﬁeld of fracture mechanics and fatigue have recognized these practices
5and techniques used in the macroscale to improve fatigue performance of a component
when studying crack initiation and its behavior when the crack size is at the grain size
scale, often the internal stress has been neglected or simpliﬁed [48]. Even in the case of
ultra high cycle fatigue where the crack initiation inside the bulk material is dominant,
it is often assumed that the internal crystal stress states are the same as the applied
macroscopic stress [18, 15]. In many polycrystalline materials where the constituents
are anisotropic and have complicated boundary conditions this is an oversimpliﬁcation.
Fatigue failures are microscopic in nature [10] and the internal stress and furthermore
the stresses at the crystal scale are necessary to build a better understanding of crack
initiation and propagation conditions.
Therefore, a possible set of questions that can be asked are the following.
 What are the micromechanical stress states of the crystals embedded in the poly-
crystalline material when the bulk is under cyclic loading?
 How does the micromechanical stress of the embedded crystals change during
cyclic loading?
This document describes a set of experiments and analyses developed to address the
above questions. The experimental method using synchrotron x-rays to interrogate the
crystals in a polycrystalline aggregate during cyclic loading is described in Chapter 2.
From the experimental data, the orientation-wise stress of the crystals is calculated and
its evolution is examined. The methodology used to represent the experimental data is
presented in Chapter 3. The analysis methods used in this work are outlined in Chapter
4. The experimental data are presented in Chapter 5. Conclusions and outlook are
presented in Chapter 6.
6CHAPTER 2
EXPERIMENTAL METHODS
Experiments designed to address the questions listed in Chapter 1 must be capable of
measuring the response at the that scale and in return can be related to the stress state
in that size scale. At the same time, the method needs to have the potential to penetrate
into the bulk of the polycrystalline material. Using diraction techniques address these
issues.
Synchrotron x-ray and neutron diraction (XRD and NRD respectively) methods
are capable of tracking the changes in the grain scale and penetrating a large volume
of material. Given a reference lattice spacing, the change in lattice spacing induced by
external load is measured and this information can be converted to stress using a con-
stitutive assumption. A common diraction application is the measurement of residual
stress [49, 50, 51, 52]. These measurements quantify type 1 stresses or macrostresses
[53]. In this method, a representative set of lattice planes are chosen and their deviation
from ideal lattice plane spacing are measured. The representative lattice planes are con-
sidered as strain gauges and the shift in these lattice planes are assumed to be related
to the macroscopic stress. Thus, one stress state is associated with a polycrystalline ag-
gregate while the individual grain stresses are not found; one stress state is the sum of
all crystal stresses. Using this method the proﬁle of internal stress in a component can
be measured. The choice of a representative set of lattice planes largely depends on the
type of material and are chosen based on trial and error.
Unlike the residual stress measurement described in the previous paragraph, it is
also possible to measure the changes in the lattice spacings for a single grain embedded
in a bulk material. This can be done using a monochromatic beam [54, 55] or a white
beam [56, 57, 58] from a synchrotron source. A known external load is applied on the
7specimen and the x-ray beam is used to monitor the behavior of the individual crystals
embedded in the polycrystalline aggregate. To ﬁnd the stress state of a grain in an aggre-
gate, the shifts in lattice spacings for dierent lattice planes from the grain are measured.
Using these methods, the stress states of individual grain and their crystallographic ori-
entations as well as their positions in the sample can be found with a sucient number
of measurements. However, these methods are time intensive as grains embedded in the
polycrystalline material need to be tracked while the bulk undergoes deformation and
acquiring information for many grains is dicult [55].
The goal of the present work is to measure the orientation dependent micromechani-
cal stress state and its evolution throughout a specimen’s life. Thus, a powder diraction
method[59,60,61,62]isemployed. Unlikethesinglegrainexperimentalmethodwhere
a stress state is determined for one grain (or multiple stress states in a grain if multiple
locations in a grain are probed) this method does not focus on one grain in a polycrys-
talline bulk at a time. The neighborhood eects on the crystal stresses arising from
anisotropy and complicated boundary condition are not explicitly measured. On the
other hand, unlike the residual stress state measurement method where one stress state
is assigned to the probed aggregate of grains, the orientation dependent crystal stress
states are determined. In other words, the measurement allows the micromechanical
stress to be a function of crystal orientation and the trends in the orientation dependent
crystal stress distribution to be studied.
In the following sections, the experimental method used in this work is described
in detail. In x2.1, the powder diraction method is presented. The two experimental
methods used in this work are described in x2.2 and x2.3. Both experimental methods
employ powder diraction. The Cycle-Hold-Diract (CHD) method described in x2.2 is
used to measure the evolution of many diracting lattice plane spacings. The polycrys-
8talline material is subjected to a cyclic loading but during the diraction experiments
the material is held at a constant macroscopic load. The Cycle-Chop-Diract (CCD)
method described in x2.3 is used to measure in real time the evolution of a limited set
of diracting lattice plane spacings while the polycrystalline material is under cyclic
loading. The loading is not paused while diraction takes place. Finally, in x2.4, the
specimen loading system that enables CCD and CHD experiments is described.
2.1 The Powder Diraction Method
The powder diraction method is widely used for material characterization (such as
determination of the molecular structure of a material [63, 64, 65], grain or subgrain
morphology [66, 67, 68], and determination of orientation distribution in a polycrys-
talline material [69, 70]). Lattice strain measurements are also possible and depending
on the experimental geometry, various forms of x-ray [71, 72] or neutron [73, 74, 75]
can be used.
In this work, monochromatic synchrotron x-ray beams are used. Because x-rays
interact with the electron cloud of the atoms that constitute the crystal and neutrons in-
teract with the nucleus of the atom, typically the intensity of the scattered x-ray is higher
than that from scattered neutron for a material with same exposure time [76]. Area de-
tectors that are capable of measuring many scattered x-rays are also more common than
that for neutron. Synchrotron x-rays are advantageous over conventional lab-source x-
ray because more photons can be delivered in a focused beam at higher energies.
Diraction in a crystalline material is governed by Bragg’s law.
9 = 2dn sinn (2.1)
In this equation,  is the x-ray wavelength, dn is the lattice spacing for a family
of planes (fhklgs) with normal vector, n, and n is the Bragg angle. Any crystal in
the aggregate with appropriately oriented (fhklgs) that satisﬁes the Bragg condition will
diract.
Figure 2.1, demonstrates diraction in real space using a 2D crystal. An incident x-
ray wave with ﬁxed wavelength, , interacts with the 2D lattice plane, fhklg. The lattice
plane normal is n. If the dierence in the distance traveled by the x-ray wave interacting
with the top layer of the lattice and the distance traveled by the x-ray wave interacting
with the subsequent layers of the lattice is proportional to the incident wavelength, con-
structive interference occurs in the outgoing beam. This phenomenon is diraction. In
this construct, diraction occurs for a particular fhklg at the scattering vector, q, when
the Bragg condition is met. The scattering vector deﬁned as the bisector between the
incident x-ray beam and the outgoing x-ray beam, is parallel to n when diraction oc-
curs.1.
The diraction phenomena can be explained using the reciprocal space construct2.
It is possible to deﬁne a set of vectors in the crystal lattice a1, a2, and a3 representing the
important displacements that deﬁne a crystal lattice. Using the following relationship, a
set of reciprocal vectors b1, b2, and b3 can also be deﬁned.
b1 =
(a)2  (a)3
(a)1  (a)2  (a)3
(2.2)
1This can also be explain in the reciprocal space construct. The readers are referred to [77] or [78].
2Detailed treatment of the reciprocal construct of Bragg diraction is described in [78]
10Figure 2.1: A schematic of Bragg diraction in 2D. The blue dots denote the po-
sitions of the atoms in a crystalline material.
b2 =
(a)3  (a)1
(a)1  (a)2  (a)3
(2.3)
b3 =
(a)1  (a)2
(a)1  (a)2  (a)3
(2.4)
Using the Miller indices of an fhklg a vector Hni can be deﬁned.
Hni = hb1 + kb2 + lb3 (2.5)
Instead of illustrating the diraction phenomenon with individual lattice points as
seen in Figure 2.1, the vector Hni deﬁne a set of planes in the reciprocal space and the
diraction condition from fhklg is deﬁned as the following.
sO

 
s

= Hni (2.6)
In this equation, the incident and the outgoing beams are denoted as
sO
 and s
, respec-
11Figure 2.2: A schematic of Bragg diraction in 2D using the reciprocal space vec-
tors to describe the incident and the outgoing x-ray beams (
sO
 and s

respectively). Similar to Figure 2.1, the blue dots denote the positions
of the atoms in a crystalline material.
tively. Using the reciprocal space construct, the diraction phenomenon is illustrated as
Figure 2.2 where the it is shown that conditions from Equations 2.1 and 2.6 are equiva-
lent and as Figure 2.3 where the diraction is shown in the reciprocal space.
As stated previously, the diraction experiments need to interrogate crystals in the
aggregate; the end goal is to ﬁnd the crystal stresses in the aggregate not only on the
specimen surface. Using transmission as opposed to reﬂection geometry commonly
used in laboratory x-ray sources, more crystals from the polycrystalline aggregate away
from the surface can be interrogated. The general experimental geometry is similar to
the work presented in [62]. Figure 2.4 shows a schematic of the experimental setup.
Similar to the 2D diraction example discussed above, the transmission geome-
try can also be described. In the setup shown in Figure 2.4, the incident x-ray beam
penetrates and passes through the polycrystalline material. Any crystal in the dirac-
tion volume with its ns parallel to q while satisfying the Bragg condition participate
in diraction at q and the resulting diracted beam is recorded on the detector. The
12Figure 2.3: Using the reciprocal space construct, the lattice planes fhklgs are rep-
resented as points in the reciprocal space. All planes that will diract
for a given incident beam direction with respect to a crystal can be
found by ﬁnding the intersection between the sphere of reﬂection de-
noted by the red circle and the lattice planes denoted by the blue dots.
Figure 2.4: A schematic of the transmission powder diraction experiment setup
used in this work. The laboratory coordinate system is X-Y-Z. The in-
cident monochromatic synchrotron x-ray beam is scattered by a set of
crystals in the diraction volume with n aligned with q. The diracted
beam exits the specimen at an angle of 2n relative to the direct beam.
The diracted beam is collected by a detector placed on the opposite
side of the the incident beam.
13(a) The two coordinate systems, x-y-z and X-Y-Z,
are aligned and incident x-ray beam travels along
Z. A set of crystals in the aggregate that satisfy
the Bragg condition participate in the diraction
phenomenon for a given q.
(b) The sample is rotated about the x-axis. While
q remains the same for n in X-Y-Z, it is a dier-
ent vector in x-y-z than that interrogated in Fig-
ure 2.5(a). Furthermore, the crystals satisfying
the Bragg condition in this case is dierent than
those participating in diraction in Figure 2.5(a)
in general.
Figure 2.5: Example of sample rotation with respect to the incident x-ray beam.
diracted beam makes an angle of 2n with respect to the direct beam. In 3D, a cone of
qs centered around the direct beam path can be considered and associated with the cone
of qs, a cone of diracted beams can be generated for a particular fhklg. The cone of
diracted beam is the Debye-Scherr cone for a particular fhklg. The area detector cuts
Debye-Scherr cone and the a ring of data from a cone is recorded on the detector. This
ring is the Debye ring for a particular fhklg.
The sample can be rotated with respect to the incident beam. If the specimen is
rotated, qs remains the same in the lab coordinate system. However, in the sample co-
ordinate system, qs interrogated before and after the sample rotation are not equivalent.
Thus additional information is acquired when the specimen is rotated with respect to the
incident beam. Figure 2.5 shows an example of rotating the specimen with respect to
the incident beam. This is discussed more in x2.4.
If a unit sphere is drawn around the diraction volume, the intersection between q
and the sphere can be found. Any diraction information recorded on the area detector
14Figure 2.6: For a given n and q the diraction data are recorded on the detec-
tor. This diraction data are plotted at the intersection between a unit
sphere around the sample and the q.
for a particular q is plotted at the intersection point between q and the unit sphere with
the magnitude of the diraction information indicated by color. A ﬁeld plotted over the
unit sphere in this manner is referred to as a Pole Figure (PF)3. If the information plotted
on the sphere is the lattice strains at qs, it is referred to as a Strain Pole Figure (SPF).
Figure 2.6 illustrates the pole ﬁgure construct.
The two experimental methods employing powder diraction were used to mea-
sure the changes in lattice spacings of a cyclically loaded polycrystalline material using
powder diraction. The ﬁrst, discussed in more detail in x2.2, follows the experimental
method presented in [62] closely. The goal of this experiment is to measure the lattice
strains in as many scattering vectors as possible and to compute the Lattice Strain Distri-
bution Function (LSDF) from the measurements and the Stress Orientation Distribution
Function (SODF)[79]. An LSDF is a distribution of lattice strain tensor over orientation
space calculated based on the SPF measurements. The SODF is a distribution of crys-
tal stress tensor over orientation space using the LSDF and a constitutive relationship.
3Dierent projection methods are used to plot the 3D sphere onto a sheet of paper and typically the
projected 3D sphere is referred to as a pole ﬁgure. In this work, however, the spheres are not projected
and they will simply be referred to as pole ﬁgures.
15Figure 2.7: A schematic of the CHD experimental method. A prescribed cyclic
load is applied for N cycles then loading is paused (a). The dirac-
tion experiment is performed (b). The image data are binned to create
spectrum data (c). The lattice strains are calculated (d). The lattice
strain measurements for many qs are acquired (e) enabling LSDF cal-
culation.
While the sample is not under cyclic loading when diraction takes place, the utility of
the method is the capability for a full lattice strain tensors and crystal stress tensors at
each point in orientation space and their evolution as more cycles are applied. As the
specimen is subjected to a cyclic loading then held at a constant load to perform dirac-
tion, this experimental method is referred to as Cycle-Hold-Diract (CHD) experiments.
Figure 2.7 shows the underlying idea and the goal of the CHD experimental method.
The second type of experiment is discussed in more detail in x2.3. In this experimen-
tal method, the cyclic loading on the specimen is not paused while diraction occurs.
As a rotating shutter (chopper) is used to regulate when diraction occurs during con-
16Figure 2.8: A schematic of the CCD experimental method. The diraction exper-
iment is performed at a prescribed point in a cyclic load and loading
is not paused while diraction takes place (a). Image data are ac-
quired for a limited number of qs (b). The image data are binned to
create spectrum data (c). The lattice strains are calculated (d). The lat-
tice strain measurements for a limited number of qs (e) are real-time
micromechanical marker of the polycrystalline material under cyclic
loading.
tinuous cyclic loading this experimental method is referred to as Cycle-Chop-Diract
(CCD) experiments. A limited number of qs are monitored and the LSDF cannot be
acquired from these measurements. However, the measurements from this experimental
method is a real-time marker at the crystal scale when the polycrystalline material is
under cyclic loading. Figure 2.8 shows the underlying idea and the goal of the CCD
experimental method.
172.2 Cycle-Hold-Diract(CHD) Experiment
The goal of CHD experimental method is to build a set of SPFs for several fhklgs with
many qs while the specimen is subjected to loading. With the SPFs from several fhklgs
with large coverage, the LSDF can be computed. The SODF can then be computed with
appropriate Hooke’s law. A sinusoidal cyclic load is applied on the specimen. After a
certain number of cycles are applied on the specimen, the loading is paused and held at
a prescribed load. For many sample orientations with respect to the incident x-ray beam
and fhklgs, XRD data are recorded. The CHD experiments were performed in the A2
experimental station at the Cornell High Energy Synchrotron Source (CHESS) and in
1-ID-C experimental station at the Advanced Photon Source (APS).
The main goal of the setup is to ensure the incident beam size and ﬂux while min-
imizing the background noise in the diraction data. The setup can have minor dif-
ferences depending on the experimental facility. Figure 2.9 shows a schematic of the
experimental setup. A monochromatic x-ray beam enters the experimental station. A
series of ion chambers (IC) are in the beam path to measure the beam ﬂux. An ion cham-
ber is a small chamber ﬁlled with inert gas that outputs an electric signal if x-ray passes
through it. A set of slits in between IC1 and IC2 regulate the size of the beam. At the
CHESS A2 experimental station, a shutter is placed in between IC2 and IC3 to block the
x-ray when the specimen is being rotated with respect to the incident x-ray beam and/or
the specimen is cyclically loading. The shutter is a 2 cm thick tungsten block mounted
on a solenoid that shuts the x-ray on or o. At the APS 1-ID-C experimental station, the
experimental station shutters placed before IC1 were used as the station shutters were
fast enough to do the job. After IC3, the specimen loading system is placed in the beam
path. The diracted beam is collected by an area detector and a beam stop is placed after
the specimen loading system to prevent the direct x-ray beam from damaging the detec-
18Figure 2.9: A schematic of the CHD experimental setup.
tor. At the APS 1-ID-C a silicon photo diode is placed with the beam stop to measure
the direct beam intensity but this is not a crucial device in this work. At both facili-
ties, several shielding material can be placed in the beam path before the the specimen
loading system to minimize the background noise in the diraction data.
2.3 Cycle-Chop-Diract (CCD) Experiment
As discussed brieﬂy in x2.1, the CCD experimental method is designed to measure the
real-time lattice strain evolution in a polycrystalline material under cyclic loading. The
loading is not paused while the sample is exposed to the x-ray beam and the dirac-
tion data are recorded. To record experimental data in real-time, a rotating shutter that
enables synchronization of XRD and the macroscopic cyclic load is developed.
Figure 2.10 shows a schematic of the CCD experiment setup. All the CCD ex-
periments were performed in the A2 experimental station at CHESS. In this setup, a
monochromatic x-ray beam enters the CHESS A2 experimental station. Similar to the
CHD experiment setup, a series of ion chambers are placed in the beam path to monitor
the x-ray beam. The slits in between IC1 and IC2 reduce the beam size. The rotating
shutter (referred to as chopper from here on) is placed in between IC2 and IC3. Its
19Figure 2.10: A schematic of the CCD experimental setup.
motion is synchronized with the cyclic load applied to the specimen by the specimen
loading system such that the XRD occurs at a speciﬁc point in a load cycle. To ensure
that only the relevant XRD data are recorded, a tungsten block mounted on a solenoid
(referred to as a shutter from here on) is placed in between IC3 and the specimen loading
system to function as an on-o switch. When the the chopper and the specimen load-
ing system are synchronized, the shutter is opened to collect the diraction data. The
diracted x-ray from the specimen is collected by an area detector and a beam stop is
placed in front of the area detector to prevent the direct incident beam from damaging
the area detector. Similar to the CHD experiments, a series of shields are placed in the
beam path to minimize the background noise in the XRD data.
Several aspects of the CCD experiments are described in the following sections.
The choice of detectors suitable for CCD experiments are discussed in x2.3.1. The
rotating shutter development is discussed in x2.3.2 along with a synchronization strategy
to synchronize the cyclic loading and XRD in x2.3.3.
202.3.1 Detectors for the CCD Experiments
Several thorough reviews of current x-ray detector technology are available [80, 81, 82].
Here, a set of criteria for a suitable detector for the CCD experiment is discussed. For
the work presented here, two detectors were considered and their relative advantages
and disadvantages are described as well.
An ideal detector for CCD experiments will have the following properties. The
following criteria are necessary to ensure real-time lattice strain measurements with
reasonable experimental error.
 Sensitive at high energy x-ray (> 50 keV)
 Fast readout (< 1 s) and erase times.
 Area detector
 High resolution (pixel size smaller than 100 mx 100 m)
The detectors that (partially) satisfy the list are charge-coupled devices, pixel array
detectors, and online image plate detector. The charge-coupled devices were not con-
sidered for this work as they were not available at the time the experimental program
was under development.
More details about the Pixel Array Detector (PAD) and its technical background are
found in [83]. It is sucient to say that the general construct of the PADs is similar
to the charge coupled devices. Thus its readout time is on the order of microseconds
making it a suitable detector system. However, the PADs are not sensitive to x-ray at
high energies (most ecient between 5 keV and 25 keV) and radiation damage is an
issue. It also has a small detection area. When the CCD experimental method was under
development the largest PAD available was 5.25 mm x 2.4 mm.
21An online image plate detector is an image plate with automated read-out and erase
functions. More information about how an image plate store information from XRD
and how it is scanned and converted into a digital image data are discussed in [84, 85].
Similar to the conventional image plates, these detectors have a large detection area
with reasonable sensitivity to x-rays at high energies. The resolution of the image data
is suitable for measuring lattice strain. The automated read-out and erase features are
beneﬁcial for maintaining the experimental setup stable as the image plate does not have
to be dismounted to be scanned. The stability of the experimental setup is crucial for
measuring lattice strains and is discussed in x4.1. The disadvantages of an online image
plate detector are relatively long read-out and erase times and the moving laser used to
scan and store analogue data into a digital image.
For the CCD experiments, a MAR345 detector with approximate read-out time of
100s at a maximum pixel resolution was used (same as the CHD experiments)4. As the
read-out anderase timesand thesensitivity tohigh energyx-ray didnot meetthe criteria,
a chopper (discussed in 2.3.2) and a synchronization method to synchronize the applied
sinusoidal loading and XRD was (discussed in 2.3.3) developed. Also, due to low x-ray
ﬂux and detector sensitivity, a series of exposures to x-ray was used to generate XRD
data at a point in a specimen’s life. This is discussed more in x2.3.4.
2.3.2 Rotating Shutter
The function of the rotating shutter is to regulate the x-ray beam such that XRD oc-
curs at a speciﬁc point in the applied cyclic load. This component is needed for the
CCD experiments because there are no x-ray detectors that are currently available that
satisfy the detector selection criteria listed in x2.3.1. More speciﬁcally, for the CCD ex-
4http://www.marresearch.com/
22periments at CHESS, the detector area must be capable of recording Debye rings from
multiple fhklgs at 50 keV with adequate lattice strain resolution for the fhklgs of interest5.
It is also possible to eliminate the rotating shutter if a shutter with fast response time is
available. Such devices do exist for lower energy application (> 30 keV) since a smaller
piece of tungsten or lead can stop the x-rays at lower energies.
There are several types of shutters available for low energy x-rays6 and for optical
light7. For low energy x-ray applications, a set of blades activated by pneumatic ac-
tuators are used to shut o the x-ray with reasonable response time. For optical light
applications, a disc with slits machined around its rim is rotated to shut o the light.
Typically, the rotation axis of the disc is parallel to the incident light.
Initially, a high energy x-ray chopper using the rotating disc design was built for the
CCD experiments. Figure 2.11 shows the device. It consists of a large tungsten disc
attached to an electric motor at its centroid and a Laser-Photo diode Device (referred to
as a diode from here on).
Tungstenisusedtomanufacturethediscbecauseitisagoodx-rayshieldingmaterial
at high energies and maintains its shape. It is also easy to machine unlike lead. To
decrease the response time of the chopper a high power electric motor was used. While
the number of slits on the disc depends on the frequency at which the disc is spinning
and the frequency at which the polycrystalline specimen is cycled, only two slits were
machined to simplify the controls used to synchronize the sinusoidal loading applied to
the specimen and the exposure to the x-ray beam. The slit size and the rotation speed
of the disc govern the time interval at which the specimen is exposed to the x-ray beam.
With a target exposure time of approximately 1 ms at a point in a load cycle, the slit size
5There are several candidate detectors that may satisfy all or most of the criteria discussed in x2.3.1
which will make the chopper and the synchronization procedure obsolete. They are discussed in x6.2.
6http://www.uniblitz.com/
7http://www.optical-chopper.com/
23was calculated.
The diode signal is used to monitor when XRD occurs. The ion chambers placed in
the incident beam path after the chopper can be used to monitor when the specimen is
exposed to the x-ray beams as well. However, because the ion chamber signals were not
consistent over long periods of time, the diode signal was used as a substitute to monitor
when the specimen was exposed to x-ray.
There are many advantages to this design. There are many applications where a
similar idea is used [86, 87, 88]. Manufacturing the disc with slits does not require high
precision machining. The alignment of the incident x-ray beam, the chopper, and the
diode is simple since the axis of rotation of the wheel on the chopper does not have to
be perfectly parallel to the x-ray beam. However, while there are many advantages to
this design, the tungsten disc’s mass8 slowed the response time and the chopper using
the disc was unsuccessful.
The modiﬁed chopper design eliminates the disc. Instead, a rotating barrel is used.
Figure 2.12 shows the schematic of the chopper using a barrel. The barrel rotates about
its vertical axis. Two sets of slits are cut on the barrel. The slits are located around
the circumference of the barrel such that one set of slit are perpendicular to the other.
Similar to the slits on the disc, the size and the shape of the slits on the barrel were
chosen such that sucient x-ray ﬂux passes through at the desired point in a load cycle.
These slits were cut using a diamond wire for a precise cut. The barrel is attached to a
small electric motor which receives signals from a closed-loop control to synchronize
the applied cyclic load and XRD.
Figure 2.13 shows the modiﬁed chopper deployed in the A2 experimental station at
CHESS. As shown in Figure 2.12, the diode sits perpendicular to the x-ray beam path.
8The mass of the disc can be minimized but machinability of tungsten is poor.
24(a) Fullpictureofthechopperusingadiscwith
slits. The middle compartment consists of ﬁx-
tures to connect dierent types of electric mo-
tors with the disc. Several electric motors were
tested with the disc to minimize the response
time of the chopper.
(b) Picture of the tungsten disc. The
chopper is placed such that the one
of the slits is aligned with x-ray beam
and the other with the the LPD.
Figure 2.11: The chopper design using a disc with slits. The pictures were taken
o-line.
Figure 2.12: A schematic of the chopper.
25The centroid of the barrel is where the two beam paths intersect. The positions of the
barrel and the diode components are continuously moved until the diode signal matches
with the signal from the ion chamber (in this case IC3) and shows no phase dierence.
Figure 2.14 shows the diode and IC3 signals recorded using a digital oscilloscope when
the chopper is set up. When the diode and the barrel are properly positioned with re-
spect to the incident x-ray beam, the two signals are synchronized which shows that the
diode signal can be used as an indirect indicator of when the polycrystalline sample is
exposed to the x-ray beam. While the x-ray signal shows distinct peaks when the x-rays
are passing through the ion chamber, there is a signiﬁcant background noise. The back-
ground noise for the diode signal, on the other hand, is low. A large background noise
seen in the ion chamber signal becomes a problem when it is used to synchronize the
cyclic loading applied on a specimen and exposure to x-ray. Thus, for synchronizing the
XRD with the cyclic load, the diode signal is used.
2.3.3 Synchronization Strategy
The purpose of the CCD experiments is to measure the evolution of lattice strains for
various fhklgs as the polycrystalline aggregate is subjected to cyclic loading. The exper-
iment is performed in load control to minimize the macroscopic load changes when the
specimen is exposed to the x-rays and the XRD data are being recorded. The goal of the
synchronization strategy is to control the point in a load cycle at which the XRD occurs.
If the macroscopic load at which the diraction occurs changes during a CCD experi-
ment, the comparison of lattice strains from one point in a specimen’s life to the next
will not only contain information about the evolution of lattice strains from the number
of cycles applied but also the changes in the macroscopic loading. As shown in Figure
2.10, the XRD is intended to occur at the same point in a load cycle at dierent points
26Figure 2.13: A picture of the chopper deployed in A2 experimental station at
CHESS. This picture is taken after the diode and the barrel is prop-
erly aligned with the incident x-ray beam. When the diode and the
barrel are being set up, IC3 sits before the shutter.
in a specimen’s life.
As discussion in x2.3.2, the synchronization strategy is not needed if there is a large
detector that is sensitive to high energy x-rays with fast read-out at high image resolu-
tion. The synchronization strategy becomes necessary as the detector employed in the
work described here has a slow read-out and the macroscopic loading has to be paused.
The cyclic loading was not paused while the specimen was exposed to x-ray and the
XRD data were being recorded. The loading was paused when the XRD data was read
out from the detector and stored into a computer. Without the load pause, many number
of load cycles would accumulate while the detector was was reading out the XRD data.
Due to these multiple load pauses per CCD experiment, a synchronization strategy was
27(a) A plot of the ion chamber and diode sig-
nals vs. time when the chopper is properly in-
stalled in the beam path. The two signals are
in sync indicating that the diode signal can be
used as an indirect x-ray signal. The x-ray sig-
nal shows signiﬁcant background noise while
the diode signal doesn’t.
(b) An expanded view of the signals. The
magnitudes of the ion chamber and the diode
signals are signiﬁcantly dierent.
Figure 2.14: The diode and ion chamber signals vs. time plots
devised to ensure that the XRD data taken was at the same macroscopic load.
The specimen is cycled at the XRD sinusoidal load deﬁned by its maximum load,
Smax
XRD, and minimum load, Smin
XRD at a frequency fXRD. The specimen is exposed to the
x-ray beams at Smax
XRD is for two reasons. First, the change in macroscopic stress is the
smallest over the time interval (along with the minimum load point). Any changes
in the macroscopic applied load while the XRD occurs will contribute to noise in the
lattice strain data. Second, the lattice strain is expected to be larger in general when the
specimen is subjected to the maximum load. If the applied cyclic load is fully reversed,
the same reasoning applies for exposing the specimen to the x-ray beam at Smin
XRD but
since the specimen only allows for a tensile load, the exposure to x-ray occurs at Smax
XRD.
Figure 2.15 illustrates the steps involved in the synchronization process. The end
goal of this process is shown in 2.15(a) where XRD occurs at Smax
XRD as planned. To
achieve this, a four step process is used where the chopper is “trained” to be in sync
28with the applied cyclic loading.
First, the specimen is cycled at a synchronization sinusoidal load deﬁned by its max-
imum load, Smax
SYN, minimum load Smin
SYN, and fXRD. This is shown in Figure 2.15(b). The
stress amplitude during synchronization is much smaller than that for the XRD sinu-
soidal load and Smax
SYN and Smin
SYN are below the material’s yield strength while the two
sinusoidal loads share the same frequency. It is therefore expected that the eect of the
synchronization process on the specimen’s life is minimal. When the synchronization
load of the chopper is stable, the photo diode signal from the chopper and the syn-
chronization load signal are introduced into the closed-loop control. At this point, the
chopper is rotating at a frequency that is dierent from fXRD and there is also a phase
dierence between the two signals as shown in Figure 2.15(c). The closed-loop con-
trol adjusts the speed of the rotating barrel of the chopper until the chopper’s rotating
frequency and fXRD are the same and there are no phase dierences between the two
signals. Figure 2.15(d) illustrates when this occurs. At this point, Smax
SYN and Smin
SYN are
replaced by Smax
XRD and Smin
XRD respectively while maintaining fXRD. There is a brief tran-
sient period where the load signal is unstable but it is usually very short and the chopper
signal is unaected by it (Figures 2.15(e) and 2.15(f)).
During the synchronization process, the shutter is closed to prevent the specimen
from being exposed. When synchronization is accomplished, it is opened and the spec-
imen is exposed to the x-rays to collect XRD data.
2.3.4 Accumulation of XRD Data
Ideally, an exposure from a single cycle at Smax
XRD would provide enough x-ray ﬂux for
an XRD data at a point in specimen’s life. However, in reality, the x-ray ﬂux and the
29Figure 2.15: A schematic of the synchronization process. The load cycle show-
ing the points where we seek to conduct an XRD experiment (a). The
specimen is cycled at fXRD between max;SYN and min;SYN (b). The
photo diode signal is introduced (c) and the frequency and the phase
of the rotating shutter are matched to the load signal (d). When the
phase and frequency between the rotating shutter and the load sig-
nal are synchronized, the load increased to max;XRD and min;XRD.
A brief transient period occurs as the actuator in the load frame in-
creases the applied load (e). Despite the transient period, the photo
diode signal and the load signal remains synchronized (f).
detector characteristics necessitate collection of data over several cycles to acquire data
sucient for lattice strain measurement. That is, after the shutter is opened for XRD, a
series of exposures at Smax
XRD over several load cycles are combined to create diraction
data corresponding to a point in time in the life of the specimen. Typically, the number
of cycles needed for a sucient intensity to measure lattice strains is on average 100 -
200 cycles although this number depends on the incident x-ray beam, the material, the
specimen geometry, and fXRD. In the present work, trial and error was used to determine
the optimum number of exposures accumulated. Some sacriﬁce in the diraction data
quality may be needed as accumulated exposure from 100 - 200 cycles may not yield
high quality XRD data. Despite the accumulation of 100 - 200 cycles, the XRD load
cycle parameters are chosen such that the specimen would last at least 100,000 cycles
30predicted by conventional fatigue life prediction method. The number of cycles accu-
mulated is therefore fairly small and thus the resulting diraction data can be considered
as a live picture of lattice strain evolution.
Although the photo diode and the load signals were carefully synchronized to en-
sure that the XRD occurs at the maximum load in a cycle, the actual point along the
load signal where XRD occurs can vary slightly from the maximum load point during
accumulation. This is especially true since multiple cycles are accumulated to acquire
the XRD data in the CCD experiments. The following measures were used used to
quantify the deviation of the applied load from the prescribed load during exposures.
The average applied stress over an exposure at a point in the life of a specimen, N,
can be calculated by
S
ave
XRD(N) =
Pm
i=1 Smax
XRD;i(N)
m
: (2.7)
In this equation, the actual stress applied on the specimen is Smax
XRD;i(N) and m is the
number of macroscopic load data recorded during an exposure at N where m depends
on the specimen cycling rate and data acquisition rate. The dierence between Save
XRD(N)
and Smax
XRD can be used to monitor the deviation of applied load from the target load and
changes in applied load level throughout the life of a specimen.
The standard deviation of the actual stress applied on the specimen during XRD
accumulation, denoted by Sstd
XRD(N), is calculated by
S
std
XRD(N) =
sPm
i=1(Smax
XRD;i(N)   Save
XRD(N))2
m
(2.8)
The magnitude of Sstd
XRD(N) can be used to understand the magnitude of overload or
31Figure 2.16: The specimen loading system is made of a diractometer and a load
frame.
underload and other loading irregularities experienced by the specimen during accumu-
lation. In this work, the applied stress is uniaxial and thus only one component of the
macroscopic stress is monitored and its quality examined.
2.4 Specimen Loading System
The specimen loading system is composed of a diractometer that rotates the specimen
with respect to the incident x-ray beam to measure the lattice strains for many scattering
vectors and a load frame capable of applying a uniaxial cyclic load on a specimen at high
rate (approximately 100 Hz maximum frequency). The design is presented in [89] and
only the important details related to cyclic work is presented here. Figure 2.16 shows
the specimen loading system and its two main components: the diractometer and the
load frame. The two components are described in detail in the following paragraphs.
32The reorientation capability of the specimen loading system is an important aspect
especially for the CHD experiments where the LSDF is sought. Rotating the specimen
withrespecttotheincidentbeammeanslatticestrainsinmoreqsaremeasuredandmore
lattice strain measurements means the process of converting the SPFs into an LSDF is
better deﬁned. In short, rotating the specimen results in more complete SPF coverage.
This is illustrated in Figure 2.17. The specimen loading system used in the present work
is capable of rotating the specimen with respect to two axes while keeping specimen
translation small using a diractometer. The reorientation axes of the diractometer are
illustrated in Figure 2.18. There are two coordinate systems in this ﬁgure, laboratory
coordinate system, X-Y-Z, and the sample coordinate system x-y-z. The diraction
volume in the polycrystalline aggregate lies at the origin of x-y-z. The laboratory system
is deﬁned such that the incident x-ray is collinear with the Z-axis. In its unrotated
conﬁguration, x-y-zandX-Y-Zareidentical. Theloading, thetransverse, andthenormal
directions (LD, TD, and ND respectively) are collinear with the x-, the y-, and the z-axes
respectively. ThediractometerenablesspecimenreorientationabouttheY-axis(!)and
x-axis (). The importance of specimen rotation without translation is discussed in x4.1.
A necessary attribute of the load frame is the capability to apply a cyclic load on a
specimen at a frequency and load magnitudes such that the fatigue experiment can be
completed during the allotted beam time while compact enough to be mounted on the
diractometer and used at a synchrotron facility. Depending on the loading parameters,
the specimen can last millions of cycles if not more. Hence, the load frame needs to
cyclically load the specimen at some prescribed load endpoints at reasonable frequen-
cies (10 - 100 Hz). A load frame that meets this criteria is an electro-magnetic actuation
system manufactured by Enduratec-Bose9. It is capable of moving the active ram by
12:5 mm while exerting 2250 N in tension and compression. Depending on the me-
9Currently Bose
33Figure 2.17: A schematic of the specimen rotation with respect to the incident
x-ray beam and the PF coverage. When the specimen is placed per-
pendicular to the incident beam, the data at the qs denoted by red for
a particular fhklg are recorded (left). When the specimen is rotated
about its LD, the data at the qs denoted by green for the same fhklg
are recorded (center). When the specimen is rotated about its TD, the
data at the qs denoted by blue for the same fhklg are recorded (right).
34Figure 2.18: Thelaboratorycoordinatesystem, X-Y-Z,andthesamplecoordinate
system, x-y-z, are the two coordinate systems needed to deﬁne the
rotations. The rotations about Y-axis and x-axis are deﬁned as ! and
 respectively enabling increased SPF coverage.
Figure 2.19: The electromagnetic load frame used in the cyclic experiments (left).
The white object is the electromagnetic coil actuator. The dark object
on the right is the reaction bracket equipped with a load cell. The
positions of the actuator and the reaction bracket are adjusted until
the components are aligned to ensure unaxial loading. Close up of
the load frame grips and a specimen with strain gauges (right).
chanical properties of the material, the machine can attain frequencies up to 100 Hz.
The load frame is shown in Figure 2.19 along with the specimen and grips.
The load frame is equipped with a load cell to monitor the applied load on the spec-
35imen. The displacement of the actuator grip relative to the stationary grip is measured
using a linear variable dierential transformer (LVDT). The macroscopic strain along
the LD of the specimen is recorded by a strain gauge attached on the surface of the
specimen. The strain gauge is carefully mounted to prevent any surface damage that
may aect the specimen cyclic performance. The macroscopic load, displacement, and
strain are recorded for the duration of a experiment via a data acquisition system on the
load frame controlling computer.
The cyclic tests are conducted in load control. The sinusoidal load applied on the
specimen is deﬁned by its maximum and minimum load and frequency. While many
classicalfatiguetestsareconductedinstrainordisplacementcontrol[90], loadcontrolis
employed here for several reasons. First, the lattice strains are strongly dependent on the
applied load and it is important to perform the diraction experiments at the same load
level. Second, the ﬂat specimen geometry (discussed in x5.1) only allowed for tensile
loading. Any compressive load due to mean stress relaxation when the experiment is run
in strain or displacement control could not be accommodated. The macroscopic stress-
strain response of the material in these experiments show ratchetting, or accumulation
of plastic strain, because the experiments are conducted in load control [91, 92].
While response to cyclic loading is known to be rate or frequency dependent in
some materials - especially at elevated temperatures - understanding this dependence is
not one of the goals in this work. In the future, the temperature, the frequency, the stress
or strain end points, and other environmental factors inﬂuencing fatigue performance
of a material can be varied to build a better understanding of fatigue failure at dierent
environments. The work described here is limited to proposing a basic approach that
can be used to measure the micromechanical stress and its evolution as well as other
changes that can be deduced from diraction data when a material is cyclically loaded.
36Therefore, one frequency and one stress end points for all experiments was used.
A uniaxial cyclic loading condition is sought for in this work. Therefore, the align-
ment of the specimen in the load frame is an important aspect of the experiment. An
alignment specimen with four or six strain gauges attached on its surface was made and
was used to align the load frame components.
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REPRESENTATION OF DATA
In this chapter, several ways in which the experimental and calculated data are presented
in this work are introduced. Representation of data in an orientation space is discussed
in x3.1. A pole ﬁgure (PF) representation of the XRD data is presented in x3.2.
3.1 Orientation Space using the Rodrigues Parametrization
An orientation is the angular relationship or position of one coordinate system to a refer-
ence coordinate system. To describe the angular relationship between the crystal lattice
coordinate system and the reference coordinate system (most commonly the sample co-
ordinate system), a set of parameters can be chosen to relate the two coordinate systems
[93].
AcommonparametrizationisasetofEulerangleswhereasetofthreeanglesandthe
axes at which the prescribe rotations occur are prescribed. For example, in Figure 2.18
where the angles of rotation used to reorient the specimen with respect to the incident
beam was illustrated, the two angles ! and  are the Euler angles relating the laboratory
coordinate system and the sample coordinate system. The third Euler angle in this case
is zero.
Another scheme is the Rodrigues parametrization where an angle and an axis at
which the rotation occurs about are prescribed [94]. In this scheme, two coordinate
systems are related by a Rodrigues vector deﬁned by Equation 3.1.
38Figure 3.1: A cubic orientation space using Rodrigues parametrization in sample
coordinate system x-y-z.
r = tan

2
v (3.1)
In this equation, r is the Rodrigues vector. The angle of rotation is  and v is the the
unit vector about which the rotation takes place.
Using the Rodrigues parametrization and applying the cubic crystal symmetry, the
orientation space for a cubic material can be deﬁned [95]. Figure 3.1 shows a wire frame
of the cubic orientation space using Rodrigues parametrization. A point in this space is
r and relates one coordinate system to another. If the orientation space is in the sample
coordinate system, each point in the orientation space deﬁnes a crystal orientation with
respect to the sample coordinate system.
A ﬁeld over orientation space is represented by color. For example, Figure 3.2 shows
the orientation distribution of a polycrystalline material [2]. An orientation distribution
is a probability function that describes the probability of ﬁnding crystals of certain ori-
entation in an polycrystalline aggregate 1. To illustrate such distribution, a position in
the cubic orientation space indicates a set of Rodrigues parameters  and v relating a
1The readers are referred to [96, 5] for more details on orientation distribution of a polycrystalline
material.
39Figure 3.2: The orientation distribution or the crystallographic texture of a poly-
crystalline aggregate plotted over a cubic orientation space [2]. In this
case, the color illustrates the preferred orientation of the crystals in the
aggregate. In this polycrystalline aggregate, the probability of ﬁnding
crystals with orientation rA is large as indicated by the color at Point
A and the probability of ﬁnding crystals with orientation rB is small
as indicated by the color at Point B.
crystal orientation to the sample coordinate system. At each position, the magnitude of
the orientation distribution is indicated by color.
Similarly, a tensor ﬁeld such as the LSDF or the SODF can be represented. In this
case, each component of the tensor is treated as an independent ﬁeld over orientation
space. Similar to representing crystallographic texture in Figure 3.2, color or gray scale
indicates the magnitude of the component of the tensor ﬁeld being plotted. For exam-
ple, given an SODF, each component of stress is treated as an independent ﬁeld over
orientation space, yielding six ﬁelds over orientation space. Figure 3.3 illustrates how
an SODF is represented over orientation space using six independent ﬁelds and how it
should be interpreted.
40Figure 3.3: An SODF is a crystal stress tensor ﬁeld over orientation space. Each
component of the SODF is treated as an independent ﬁeld over orien-
tation space and are plotted in six separate orientation spaces. To ﬁnd
the crystal stress at a speciﬁc point, rA, in orientation space, the values
of the components of the SODF are found at rA and the crystal stress
tensor is found.
3.2 Pole Figure Representation
A more detailed treatment of the PF representation of diraction data is discussed in
[52, 53]. Here, only the important aspects of the PF representation relevant to this work
are discussed.
As discussed brieﬂy in x2.1, the PF representation plots a ﬁeld over a unit sphere.
For an fhklg PF that exists in the sample coordinate system, the diraction data for fhklg
are plotted where the unit sphere intersects with the qs. This means in an fhklg PF, only
the diraction data at qs that satisfy the Bragg condition for a given fhklg are plotted.
The magnitudes of the diraction data are plotted using a color scale. In short, the
location on the PF indicates the q and the magnitude of the ﬁeld is indicated by color.
41Many projection methods are used to plot the 3D sphere onto a 2D plane. Typically,
the projected 3D sphere is referred to as a pole ﬁgure but in this work, the unprojected
spheres will be referred to as pole ﬁgures.
The data plotted over orientation space and PF are related. From diraction exper-
iment point of view, a point on the PF includes all crystal planes with its plane normal
parallel to q. In 3D, there are inﬁnite number of crystals planes per plane normal. On
the other hand, a point in orientation space speciﬁes exactly the orientation of a crystal
associated with the point with respect to the reference coordinate system. Thus, for a
data point in an fhklg PF, a set of points in the orientation space participate. The set
of points in orientation space that participate in a data point on a PF is deﬁned by the
following equation.
Rn = q (3.2)
In this equation, R is the appropriate rotation matrix calculated from r that trans-
forms from crystal coordinate system to the sample coordinate system. For a given fhklg
pole ﬁgure, n is prescribed in the crystal coordinate system. For a crystal with its ori-
entation r, participates in the diraction data at qwhen Equation 3.2 is satisﬁed for a
particular plane fhklg. The set of crystals that satisﬁes Equation 3.2 for a prescribed q is
referred to as a ﬁber and is denoted as fhklgkq.
For a fhklg strain pole ﬁgure (SPF), a lattice strain plotted at q is related to the LSDF
over orientation space by the following equation.
ﬁb =
Z
nikq
w(r)q  (N;r)  qdr (3.3)
42In this equation, a set of lattice strain tensors along a ﬁber are projected along q
of interest and summed with an appropriate weighting, w(r) to ﬁnd the average normal
strain, ﬁb, along the ﬁber.
43CHAPTER 4
DATA ANALYSIS METHOD
In this chapter, the data analysis techniques used in this work are reviewed. In x4.1, the
calculationmethodusedtoacquirethelatticestraindatafromtheXRDdataispresented.
In x4.2, the signiﬁcance and the method to acquire the lattice strains in LD and TD are
presented. In x4.3, the calculation method for acquiring the LSDF and subsequently
the SODF based on the SPF measurements are discussed. The analysis of the SODF
using the spherical harmonics (SH) to identify the important features in the SODF and
to quantify the evolution of the SODF over the life of a specimen are discussed in x4.4.
Finally, the peak broadening analysis method is introduced in x4.5.
4.1 Lattice Strain Calculation
Measuring the lattice spacings and their changes from a set of XRD data to calculate
the lattice strains is not a trivial task. In x4.1.1, a methodology to ﬁnd a set of instru-
ment parameters to model the experimental setup is described. This step is needed to
decompose the changes in the XRD peaks introduced by the experimental setup and
the changes introduced by an external load. In x4.1.2, a peak ﬁtting methodology is
presented.
4.1.1 Experimental Setup and the Instrument Parameters
The lattice strain calculation from diraction image data follows the work presented in
[97]. The basic idea is to measure the lattice plane spacing at a particular q when the
44specimen is under zero load or at the reference state of the polycrystalline aggregate
and to compare the lattice spacing at the same q when the aggregate is no longer at the
reference state because of some external load. In this case, the external load is the point
in a load cycle at which the XRD experiment is performed and the number of cycles, N.
n(N;q) =
¯ dn(N;q)   ¯ dn(0;q)
¯ dn(0;q)
(4.1)
In this equation, n(N;q) is the lattice strain for a set of of crystal lattice planes
deﬁned by n measured at a particular q after the specimen is subjected to N number of
cycles. The lattice spacing measurement for a set of lattice planes that satisfy the Bragg
condition at a particular q after the specimen was subjected to N number of cycles
is ¯ dn(N;q) and ¯ dn(0;q) is the equivalent lattice spacings at the reference state of the
aggregate1. To ﬁnd the lattice spacings, the corresponding Bragg angles need to be
measured from the XRD data. Using Equation 2.1, the measured Bragg angles are
converted to lattice spacings.
Similar to the time-of-ﬂight neutron diraction experiments used to determine the
lattice strains of a crystalline material where the distance between the specimen and the
detector needs to be known accurately [98], ﬁnding the lattice strains from XRD data
needs to address the uncertainty in the experimental setup.
Combining Equation 4.1 and 2.1 in a monochromatic wavelength XRD experimental
setup, the following equation can be derived.
n(N;q) =
sin ¯ n(0;q)
sin ¯ n(N;q)
  1 (4.2)
1The bar in ¯ dn(0;q) and ¯ dn(N;q) indicates that the these are average lattice spacing quantities at a
particular q for an fhklg.
45Figure 4.1: In an ideal XRD experiment setup, the incident beam is normal to the
detector plane, the sample to detector distance is known, the center
of the diraction pattern is well-deﬁned, and the conversion from an
analog data to a digital data is perfect. In that case, ¯ n(N;q) is simply
related to ¯ dn(N;q). The red line on the detector is the distance needed
to calculate the corresponding plane spacing.
In this equation, ¯ n(N;q) and ¯ n(0;q) are Bragg angles corresponding to ¯ dn(N;q)
and ¯ dn(0;q) respectively. To calculate n(N;q), the Bragg angles have to be found from
the diraction data. In an ideal situation as shown in Figure 4.1, Equation 4.3 can simply
be used to convert from diraction data to Bragg angles.
¯ n(N;q) =
1
2
arctan
¯ n(N;q)
D
(4.3)
In this equation, ¯ n(N;q) is the radial distance from beam center for fhklg at a par-
ticular q measured at cycle N and D is the sample to detector distance.
In the actual experimental data, however, the situation is not as simple. Equation
4.3 assumes that D is known and that the incident x-ray is normal to the area detector.
Furthermore, it is assumed that the center of the Debye rings are known to ﬁnd ¯ n(N;q)
from diraction data and that the analog to digital conversion of the diraction data is
perfect. These assumptions are invalid and are known to cause large errors in n(N;q) if
46Figure 4.2: If the incident beam is no longer normal to the detector plane, ﬁnding
¯ n(N;q) involves a set of instrument parameters. The red line on the
detector is the distance needed to calculate the corresponding plane
spacing. However, the experimental setup is no longer ideal and the
desired distance is a function of instrument parameters.
not accounted for [97]. Thus, a set of instrument parameters are used to more carefully
model the experimental setup such that the peak positions and their changes due to
an external load on the diraction volume can be separated from the changes in peak
positions from the instrument. Figure 4.2 illustrates the uncertainty introduced by a non-
ideal experimental setup and instrument parameters involved to model the experimental
setup. In this work, the set of instrument parameters includes two angle parameters for
the angle between the detector and the incident beam, two parameters for the center
of the Debye rings on the detector plane, sample to detector distance, and an oset
parameter for conversion between analog data into a digital image data.
To ﬁnd the instrument parameters, a calibrant material is used during the XRD ex-
periment. A powder form of CeO2 is used here because its crystal structure including its
lattice parameter is well-known and the ideal peak positions can be calculated and com-
pared to the peak positions found from the XRD data2. The dierence between the ideal
2Other types of calibrant material such as Si, Ge, and Au powder can also be used. In this work, CeO2
powder is suitable because CeO2 is a good scatterer. On the other hand, using CeO2 powder can become a
problem if the material of interest is made of poor x-ray scattering material (such as Aluminum-Beryllium
47peak positions and the peak positions found from the XRD data can then be minimized
while varying the instrument parameters. The instrument parameters are not found all
at once but are found using three types of XRD data involving the calibrant and/or the
alloy of interest.
In both CCD and CHD experiments, for each sample orientation (!, ) with respect
to the incident x-ray beam, three types of diraction image data are recorded to ﬁnd the
instrument parameters3 and the lattice strains.
The ﬁrst type of diraction data is from CeO2 powder. These data are referred to
as the calibrant data at specimen orientation (!, ). An example of calibrant data is
shown in Figure 4.3. Finding the instrument parameters for the calibrant data provides
a good measure of the distance between the sample and the detector and the uncertainty
in analog to digital data conversion while providing an initial guess for other instrument
parameters that are found using the second and the third types of diraction data.
The second type of diraction data are from the alloy of interest taken at zero macro-
scopic load for each specimen orientation (!, ). These data are referred to as the ref-
erence data at (!, ). A layer of CeO2 is pasted on the specimen to ensure that the
calibrant peaks are included in the XRD data while not deforming with the sample due
to cyclic loading. Similar to the calibrant data, the diraction peaks from CeO2 are used
to ﬁnd the instrument parameters. The diraction peaks from the alloy are used to ﬁnd
the reference lattice spacings at dierent qs. The peaks from the alloy of interest and
CeO2 are recorded simultaneously as seen in Figure 4.4. In this ﬁgure, the alloy of in-
terest is a rolled Oxygen Free High Conductivity (OFHC) copper. The angles between
alloys where Be phase is a poor scatterer) or the spectrum from the material of interest is complicated
(such as multi-phase Titanium alloys).
3In other words, each sample orientation with respect to the incident x-ray beam is assumed to be an
independent instrument. This is more reasonable than using one set of instrument parameters for all (!,
) as sample translates by a small amount with respect to the incident beam as the specimen is reoriented
using the diractometer.
48(a) An example diraction data of CeO2
powder taken at 50 keV with approxi-
mate sample to detector distance of 660
mm.
(b) An example spectrum generated from from CeO2
powder diraction data. An approximate instrument
parameters are used to generate the spectrum. The x-
axis of the plot gets converted to 2 once the exact in-
strument parameters are known.
Figure 4.3: An example of XRD powder diraction data from CeO2 powder.
the detector and the incident beam are typically found using the reference data.
The third type of diraction data are from the material of interest taken at a pre-
scribed macroscopic load after a set number of cycles are applied. The diraction data
are recorded for all (!, ) sample conﬁgurations used to record the calibrant and refer-
ence data. These data are referred to as the loaded data at (!, ). The calibrant paste is
kept on the specimen while the sample is cyclically loaded. Again, the calibrant peaks
serves the same purpose as those from the calibrant data and the reference data. It is
assumed that the calibrant pasted on the polycrystalline sample does not deform even if
the sample is subjected to a macroscopic load because CeO2 is mixed into a jelly like
medium and the mixture is pasted on the specimen. More loaded data at (!, ) are
recorded as more number of cycles are applied on the specimen.
Allthreediractiondataareneededtocalculaten(N;q)accurately. TheCeO2 peaks
in the calibrant data and the reference data are used to ﬁnd the instrument parameters.
The instrument eects on the peaks are separated using the instrument parameters then
49(a) An example diraction data from the
OFHC copper with CeO2 paste taken at
50 keV with approximate sample to de-
tector distance of 660 mm. The sample
is at zero macroscopic load. The vari-
ation in intensity for some Debye rings
indicates a non-uniform orientation dis-
tribution of crystals in the OFHC copper.
(b) An example spectrum generated from from the
diraction data shown in Figure 4.4(a). The dirac-
tion peaks marked in red is from the OFHC copper and
blue is from CeO2 paste. The y-scale is in log scale as
the CeO2 peaks are small when plotted in same scale as
Figure 4.3. An approximate instrument parameters are
used to generate the spectrum. The x-axis of the plot
gets converted to 2 once the exact instrument parame-
ters are known.
Figure 4.4: An example of XRD powder diraction data from the OFHC copper
with CeO2 paste.
the peaks from the polycrystalline alloy in the reference data and the loaded data are
used to calculate the lattice strains. Figure 4.5 summarizes the process of decomposing
the instrument eects and calculating the lattice strains using the three types of XRD
data.
4.1.2 Spectrum Fitting
Whileﬁndingtheinstrumentparametersisimportant, withoutﬁttingtheindividualspec-
trum from the raw diraction data, the instrument parameters and the lattice spacings
cannot be found. Thus the diraction spectra must be ﬁtted accurately.
A diraction image taken at (!, ) is converted into a spectrum for each azimuthal
50Figure 4.5: A ﬂow chart for instrument parameter calculation. An instrument pa-
rameter with an O symbol for a diraction image indicate that it is
calculated using the diraction image. An instrument parameter with
an X symbol indicate that it is not modiﬁed and is inherited. An instru-
ment parameter with a  symbol means it can be recalculated or in-
herited. To ﬁnd the instrument parameters for a sample orientation (!,
), the calibrant data taken at (!, ) are used to ﬁnd the pattern cen-
ter, the angle between the detector and the incident beam, the distance
between the sample and the detector, and the uncertainty in analog to
digital data conversion are found. The calibrant peaks in the reference
data are used to reﬁne the instrument parameters (denoted by dotted
arrow) while inheriting some instrument parameters found from the
calibrant data (denoted by solid arrow. From the reference data, the
reference lattice spacings at qs are also found. The calibrant peaks in
the loaded data are ﬁnally used to further reﬁne some instrument pa-
rameters and inheriting other instrument parameters from those from
the calibrant and reference data. The lattice spacings for the loaded
aggregate at qs are found using the loaded data as well.
angle, , assuming ideal instrument parameters initially and subsequently changing to
a new set of instrument parameters available from the instrument parameter calculation
described in x4.1.1. The diraction data are binned for each 4. While many options ex-
ist for binning, ﬁt2d developed at the European Synchrotron Radiation Facility (ESRF)
is used [99]. A set of Matlab routines are then used to account for the instrument pa-
rameters that are not included in ﬁt2d. An example of binned image is shown in Figure
4.6.
Aspectrumcanbemodeledusingasetofparametersthatmodelthex-raysource, the
4The process of binning the diraction data into spectra is also referred to as caking.
51(a) An example of XRD data from the OFHC
copper with CeO2 paste taken at 50 keV with
approximate sample to detector distance of
660 mm. The sample is at its reference state.
(b) The XRD data shown in Figure 4.6(a) is az-
imuthally binned using ﬁt2d and assuming ideal
experimental setup.
Figure 4.6: An example of azimuthally binned diraction data from raw dirac-
tion data.
diracting material, and the instrument using the Rietveld method [100]. In this work,
the instrument parameters are computed based on the information from the position
of the calibrant peaks around the azimuth of the diraction data taken at (!, ). The
changes in peak positions due to external load are found to calculate n(N;q). Other
factors that are known to inﬂuence an x-ray spectrum such as polarization, texture, and
grain morphology and size [101, 78, 102, 77] are not explicitly modeled but the widths
and their changes due to an external load are kept track. It is also important to note that
the lattice strain and the resulting shift is not modeled and constrained like the works by
[103].
An ith diraction peak in a spectrum taken at  is modeled as an asymmetric distri-
bution using the split Pearson VII function of the following form.
Ii = Ai(I
L
i + I
U
i ) (4.4)
52Table 4.1: The peak parameters used to generate the example peak shown in Fig-
ure 4.7.
2¯ i Ai mU
i mL
i gU
i gL
i
2.5 100 1 0.5 0.1 0.1
I
L
i =
1
(1 + aL
i (2L
i   2¯ i)2)mL
i
(4.5)
I
U
i =
1
(1 + aU
i (2U
i   2¯ i)2)mU
i
(4.6)
a
L
i =
21=mL
i   1
(gL
i =2)2 ; (4.7)
a
U
i =
21=mU
i   1
(gU
i =2)2 ; (4.8)
Equations 4.4 to 4.8 describe the peak function used to model one diraction peak.
In these equations, Ii is the intensity proﬁle of the ith peak that is being modeled and Ai
is the amplitude of the peak function. The peak position is 2¯ i. the intensity values cor-
responding to upper and lower are denoted by IU
i and IL
i respectively and are computed
using Equations 4.5 and 4.5. Any 2 less than 2¯ i is 2L
i and any 2 greater than 2¯ i is
2U
i . The peak function needs two sets of parameters for the upper and the lower parts of
a diraction peak (denoted by U and L in the subscript respectively). The sharpnesses
of the upper and the lower parts of the peak function are represented by mU
i and mL
i . The
peak widths at the upper and the lower parts of the peak function are denoted by gU
i and
gL
i . The total width of the diraction peak modeled by split Pearson VII function is the
sum of gU
i and gL
i . The background of the spectrum, bkg, is modeled using a second
order polynomial. Figure 4.7 is shows an example of a split Pearson VII peak function
with arbitrary peak parameters.
53Figure 4.7: An example of a split Pearson VII peak function. A full peak denoted
by Ii is a sum of IL
i , IU
i , and bkg. The peak parameters used to generate
this plot is listed in Table 4.1. The background polynomial is 42 +
2 + 1. The asymmetry in this case is due to the dierence in mU
i and
mL
i which govern the sharpness of the tail.
The peak parameters for all peaks in a spectrum at an  are found by minimizing the
following.
Rspec = [I   bkg  
p X
i=1
Ii]
T[I   bkg  
p X
i=1
Ii] (4.9)
In this equation, I is a column data of measured spectrum from raw diraction image
data. The whole spectrum is modeled using a background function, bkg, and sum of split
Pearson VII functions where each peak function corresponds to one peak in the spec-
trum. The peak and background parameters are found when goodness of ﬁt measure,
54Rspec is minimized5.
Once all spectra from the calibrant, the reference, and the loaded diraction data
are ﬁtted properly for a sample conﬁguration (!, ), 2¯ i from the calibrant peaks in all
three data are used to ﬁnd the instrument parameters for the sample conﬁguration (!,
) as described in x4.1.1. With the appropriate instrument parameters, the ﬁtted peak
positions are free of eects from the experimental setup.
Figure 4.8 summarizes the steps needed to ﬁnd the peak positions from the alloy of
interest free of instrument eects. Finally, using ¯ n(0;q) and ¯ n(N;q) for the peaks from
the alloy of interest, n(N;q) can be calculated.
4.2 Lattice Strains in Particular Sample Directions
Considering a copper single crystal in uniaxial tension, the stiest direction is the h111i
and the most compliant direction is the h100i. Although it is assumed that the crystals
in the polycrystalline aggregate under a uniaxial loading condition will exhibit stress
states that are dierent from the macroscopic uniaxial stress state, it is expected that the
lattice strains in the LD and TD will still show behaviors that are closely related to their
directional moduli.
In this work, the LD and the TD lattice strains are not exactly measured. To measure
the LD and the TD lattice strains for various fhklgs, the sample needs to be rotated to
proper angles with respect to the incident x-ray beam such that the qs correspond to the
LD and the TD of the specimen while being parallel to the plane normal of the fhklgs
5While Rspec is an important parameter to look at to decide on the quality of ﬁt, visual comparison
between the measured and calculated spectra is also an important step to ensure that the spectrum ﬁtting
is working correctly.
55Figure 4.8: A ﬂow chart for analyzing a raw image plate data.
of interest. Instead, for a particular fhklg, the lattice strains are measured at many qs
and the lattice strains with their qs closest to the LD and the TD of the polycrystalline
sample are found.
4.3 Calculating the LSDF and the SODF
Detailed treatment of the lattice strain distribution function computation method is pre-
sented in [79]. Only the relevant ideas for computing the LSDF from the experimental
SPF data are presented here. The goal of computing the LSDF is to ﬁnd a lattice strain
tensor ﬁeld over orientation space that is consistent with the SPF measurements.
56Table 4.2: The coecients used in the inversion process.
1 2
0.2 100
An LSDF at a point in a specimen’s life is denoted as (N;r). To ﬁnd the LSDF,
Rlsdf in the following equation is minimized.
Rlsdf =
M X
i=1
k
exp
ni   
calc
ni k
2 + 1kr(N;r)k
2

fr + 2krTr(N;r)k
2

fr (4.10)
For a given number of measured SPFs from XRD data, M, three constraints are en-
forced to compute the (N;r) represented by the three terms in the objective function.
The ﬁrst term minimizes the dierence between the measured SPFs and the recalculated
SPFs, denoted by 
exp
ni (N) and calc
ni (N) respectively. The next two terms in Equation 4.10
are additional constraints for the LSDF over orientation space. First, the LSDF is con-
strained to be as smooth as possible and second, the dilatation of (N;r) is constrained
to be as smooth as possible over orientation space. The magnitude of the two additional
constraints are governed by two coecients, 1 and 2. If the two coecients are ze-
roes, the two additional constraints are not imposed. A parametric study of 1 and 2
and their relationship to the stability of the resulting (N;r)s was studied in [97]. For
this work the optimal values proposed in [97] were used and are listed in 4.2.
A measure of how well the LSDF matches the measured SPFs is calculated using
Equation 4.11.
57Rspf = max(
j
exp
ni (N)   calc
ni (N)j
j
exp
ni (N)j
) (4.11)
For a given fhklg, the dierence between the measured and the recalculated SPF
from LSDF are compared for all qs interrogated and the %-error, Rspf, is the maximum
deviation of the recalculated SPF from the the measured SPF.
(N;r) = C(N;r) (4.12)
The SODF, (N;r), is computed using the Hooke’s law with the single crystal mod-
uli, C, and (N;r) with appropriate transformations if necessary as shown in Equation
4.12. Using an appropriate set of single crystal moduli is an important aspect of calcu-
lating (N;r). Depending on the choice of the moduli, not only the magnitude of the
crystal stress components but also the direction of stress will change.
4.3.1 Sum of the SODF over Orientation Space
With an appropriate weighting function, w(r), the sum of the SODF over orientation
space, (N), should yield the applied macroscopic stress, S(N), since the calculation
of the SODF and the LSDF from the SPFs experimental data assumes that the dirac-
tion volume is the representative volume element of the polycrystalline aggregate. The
weighting, in this case, is the orientation distribution function or the crystallographic
texture of the aggregate6.
(N) =
Z
w(r)(N;r)d(r)  S(N) (4.13)
6Acquiring the crystallographic texture of a polycrystalline material is described in [96].
584.3.2 The Elastic Strain Energy over Orientation Space
The LSDF represents the elastic strain of the crystals in the aggregate. Using the SODF
and the LSDF, it is possible to calculate the distribution of the elastic strain energy
density, (N;r), deﬁned in the following equation.
(N;r) =
1
2
(N;r) : (N;r) (4.14)
The sum of the elastic strain energy density, (N), is given by the following equa-
tion.
(N) =
Z
w(r)(N;r)d(r) (4.15)
Similar to comparing the applied stress to the sum of (N;r) discussed in x4.3.1, the
elastic strain energy density applied on the sample by the macroscopic loading, U(N),
can be compared to the weighted sum of the crystal elastic strain energy, (N).
4.4 Spherical Harmonics Analysis
The SODF can be plotted over orientation space component by component for visual-
ization using the data representation method presented in x3.1. The highs and the lows
of the stress components can be identiﬁed and general trends in the evolution of crystal
stresses can be drawn.
A more quantitative method of identifying the dominant features in the SODF was
proposed in [9]. The following equation shows a decomposition for a component of
59stress.
(N;r) =
22 X
i=1
i(N)i(r) (4.16)
In Equation 4.16, (N;r) is a component of (N;r) at a specimen life, N. The stress
component is decomposed into 22 spherical harmonic functions, i(r), and correspond-
ing spherical harmonic coecients, i(N). Detailed treatment of spherical harmonic
functions is given in [104, 105]. It is sucient to note here that spherical harmonic
functions are solutions to the Laplace’s equation and that because orientation space is
expressed using a Rodrigues parametrization, the spherical harmonics functions used in
this work satisﬁes the Laplace’s equation expressed in Rodrigues space. It is also impor-
tant to note that i(r)s are orthogonal to each other. However, i(r)s are not normalized.
Thus, when (N;r) is decomposed, whether i(N) or i(r) carries the units becomes a
minorissue, andinthisworki(N)willcarrytheunits. Thesphericalharmonicfunctions
used in this work are shown in xAppendix: A.
The spherical harmonics (SH) analysis method enables one to identify the dominant
features in a component of the SODF over orientation space and their evolution with
respect to specimen life. Furthermore, the higher order i(r)s which are more oscillatory
over orientation space than the lower order i(r)s. This feature can be used as a high-
pass ﬁlter where high oscillations in a component of the SODF over orientation space
are eliminated.
604.5 Peak Broadening Analysis
Peak broadening analysis is introduced in this work as fatigue failure mechanisms are
associated with changes in microscopic features as discussed in x1.2.So far the mor-
phological changes such as the formation of persistent slip bands on the surface of a
polycrystalline sample have been extensively studied and are often connected to fatigue
failure. However, as many have shown, the initiation of cracks can occur in the interior
of a bulk polycrystalline material.
The width of a diracted peak for fhklg at q is related to dierent aspects of the ma-
terial and the experiment. First, a monochromatic x-ray beam has a ﬁnite bandwidth,
E=E, which certainly contributes to the width of a diracted peak. Furthermore, other
x-ray source related phenomena such as polarization can change the peak width [77].
The micromechanical state of the polycrystalline aggregate also contributes to the width
of a diraction peak. For example, the changes in the dislocation density, the evo-
lution of grain and sub-grain sizes, and the order and disorder in the grain size scale
resulting from applied external thermomechanical load on the polycrystalline aggregate
contribute the the peak width [106, 107, 108].
In this work, peak broadening for a particular q is assumed to arise from three
sources. First, the instrument is known to cause peak broadening which is assumed
to be static throughout the experiment. This assumption is tested using the CeO2 peak
positions as well as their widths. The second source of peak broadening is due to the dis-
tribution of lattice strains from one crystal to another along a ﬁber in orientation space.
In other words, the lattice strains for a particular fhklg participating in diraction for a
q are not uniform. The third source of peak broadening is due to permanent changes in
polycrystalline diraction volume such as the changes in the dislocation densities. More
61Figure 4.9: An illustration of the peak broadening phenomenon. Three grains are
in a mechanically loaded aggregate sharing a common rotation axis,
b3. The lattice planes fhklg in the three grains may or may not par-
ticipate depending on the x-ray wavelength, the x-ray bandwidth, and
the lattice spacings. The spread in lattice spacings is due to the me-
chanical loading and grains’ responses to it and the grains’ boundary
conditions. When the lattice strain measurements were discussed in
x4.1, the measured lattice strain at a q is the average of the distribu-
tion of the lattice spacings. Here, the goal of the peak broadening
analysis is to understand the dierent contributions to the width of a
peak at a q.
detailed treatment of the peak broadening phenomenon linked to various forms of dislo-
cations is discussed in [109, 110]. Identifying the types of dislocations that contribute to
peak broadening and decomposing their eects on the diraction peak while interesting
are beyond the scope of this work. Figure 4.9 illustrates the contributions from a spread
in lattice spacings for a given fhklg and from a a spread in wavelength of an imperfect
monochromatic beam.
Following the works of [101, 107], the three sources of peak broadening are assumed
to be square summable. As the peak asymmetry is small, the measured peaks as well
as the distribution of the constituents that build the full peaks are all assumed to be of
Gaussian distribution. Thus, for an ith diraction peak in a spectrum measured at q
62recorded after N the following relationship is assumed.
(g
tot
i (N))
2 = (g
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2 + (g
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i (N))
2 (4.17)
In this equation, for the ith peak, gtot
i (N) is the total width, ginstr
i (N) is the instrument
contribution to the width, gd
i (N) is the width contribution from the lattice strain dis-
tribution along the nikq, and g
p
i (N) is the contribution from the changes in dislocation
density.
Thetotalpeakwidth, gtot
i (N), iscalculatedusingthefollowingequationusingthetwo
peak ﬁt parameters gL
i (N and gU
i (N). As previously discussed, ginstr
i (N) is assumed to be
constant throughout the experiment for a given q during the entire XRD experiment.
(g
tot
i (N))
2 = (g
L
i (N) + g
U
i (N))
2 (4.18)
The contribution from the lattice strain distribution along nikq, gd
i (N), is computed
using the (N;r). As described in x3.2, a diraction peak measured for a particular q
is related to a ﬁber in orientation space. For the ith peak measured at q, a ﬁber nikq
denoted by rﬁb, can be deﬁned. In that case, all the projections of the lattice strains
along rﬁb is found using the following equation. In other words, a distribution of the
projected lattice strains is found given an LSDF and a ﬁber.
(rﬁb) = q  (rﬁb)  q (4.19)
The distribution of the Bragg angles due to the distribution of the lattice strains
along a ﬁber is found by using the reference lattice spacing for ni and Equations 2.1
63and 4.1. Finally, the standard deviation of the distribution of the Bragg angles due to
the distribution of the lattice strains along a ﬁber, denoted by (rﬁb), is calculated. The
(rﬁb) is converted to a peak width by assuming a Gaussian distribution using Equation
4.20
g
d
i (N) = 4
p
2ln2(rﬁb) (4.20)
Using Equations 4.17 - 4.20, the peak width evolution from the changes in disloca-
tion density and from the distribution of lattice strain along a ﬁber are separated. The
absolute values of gtot
i (N), gd
i (N), and g
p
i (N) are not sought for but their relative changes
from the specimen’s reference state are of interest.
It is assumed that when the specimen is in its reference state, the peak broadening is
entirely due to instrument broadening and initial dislocation density. It is also assumed
that the lattice strain broadening is zero at the specimen reference state. When the
specimen is loaded and deformed, the lattice strain broadening is then no longer zero.
Based on these assumptions, the total peak widths as well as the contributions from the
lattice strain distributions and changes in dislocation densities are monitored through
out the specimen life using the CHD experimental data.
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EXPERIMENTAL RESULTS
In this chapter, the experimental results are presented. In x5.1, the Oxygen Free High
Conductivity copper used in this work is described. The experimental setup details
concerning the mechanical loading and the x-ray properties are shown in x5.2. In x5.3,
the SPF data from the CHD experiments performed at CHESS and APS are presented.
The CCD experimental data are compared to the CHD data. Making use of the LSDF
calculation method discussed in x4.3, the LSDF and the SODF calculated from the CHD
data are presented in x5.4. The evolution of crystal stresses over the life of a specimen
is presented in x5.5. Finally, the peak widths are examined in x5.6.
5.1 Material
The material used for the in-situ experiments is rolled and partially recrystallized Oxy-
gen Free High Conductivity (OFHC) copper sheet. The thickness of the sheet is nom-
inally 0.5 mm. Figure 5.1 shows the orientation distribution over orientation space for
a cubic material. The orientation distribution is not uniform. There appears to be a sig-
niﬁcant number of crystals oriented in a “cube” orientation, where the f100g planes are
perpendicular to the rolling, transverse and normal directions (RD, TD, and ND respec-
tively) of the sheet. This is consistent with the rolling and recrystallization processes
that occur in this material. The optical micrograph in Figure 5.2 shows a typical grain
structure in the copper sheet. The average grain size is approximately 20 m with a
signiﬁcant spread. The optical micrographs on the orthogonal planes revealed fairly
equi-axed grains.
The test specimens for the in-situ experiments where taken such that the specimen
65Figure 5.1: The orientation distribution of the OFHC copper sheet used for the
experiment presented in orientation space for a cubic material. The
color bar unit is in multiples of uniform distribution (MUD).
Figure 5.2: An optical micrograph of the OFHC copper sheet used in the exper-
iment. Based on the optical micrographs taken at three orthogonal
planes of the sheet, the grain morphology is fairly equi-axed with a
large grain size distribution.
66Figure 5.3: Specimen geometry. The length unit is mm. The thickness of the
specimen is 0.5 mm.
Figure 5.4: The macroscopic stress-strain data for OFHC copper in monotonic
uniaxial loading.
loading direction was parallel to the RD. The specimen geometry is shown in Figure
5.3. The specimens were cut using the electron discharge machining (EDM) process to
minimize specimen damage from machining. The monotonic stress-strain response is
also shown in Figure 5.4. The macroscopic yield strength is approximately 200 MPa
and Young’s modulus is approximately 100 GPa.
The specimens design is constrained by two main factors - the XRD experiment ge-
ometry and mechanical loading. The goal of the in-situ experiment is to cyclically load
the specimen and perform diraction experiments during a specimen’s life. If the speci-
men cross-section is too large and the cyclic load applied on the specimen is insucient
67to cause failure in a reasonable time (in this case within the allotted beam time), the
experimental goal cannot be met. Since the maximum load capacity of the load frame
(discussed in x2.4) is 2250 N in tension and the yield strength of OFHC copper used
in this work is approximately 200 MPa the specimen dimensions from the mechanical
loading point of view are not a big design constraint.
On the other hand, the specimen has to be designed for XRD. As discussed in x2.1,
the experimental geometry is in transmission. For a successful transmission XRD ex-
periment, the specimen cannot be too thick. Using the attenuation length of copper at
50 keV1, it was found that the specimen thickness for copper can be approximately 0.5
mm. The length of the specimen and the gauge length is governed by the experimental
geometry as well. A short specimen length causes shadowing where the diracted beam
gets blocked by the specimen loading system components. Shadowing usually occurs
at the extreme (!, ) sample orientation and needs to be prevented. An example set of
diraction data from a shorter specimen with shadowing problem is shown in Figure
5.5.
To calculate the SODF from the LSDF, the anisotropic single crystal moduli for pure
copper were used. The components of the single crystal moduli for copper used in this
work are shown in Table 5.1 [4]. This is only appropriate if the polycrystalline material
is pure. If the material is an engineering alloy, the single crystal modulus can change
signiﬁcantly depending on its alloying materials. An extreme example is the single
crystal bcc titanium alloys where the alloying elements such as vanadium or chromium
are often used to achieve desirable properties but at the same time changes the degree of
anisotropy signiﬁcantly [111].
1The x-ray beam energies used at the CHESS A2 experimental station and at the APS 1-ID-C exper-
imental station are 50 keV and 80 keV respectively. As attenuation length gets longer at higher energies
and specimen can be thicker at higher energies, a specimen designed for 50 keV should work for 80 keV
x-ray beam in theory.
68(a) Anexample ofXRDdatafrom Fe/Cu-50/50
alloy sample.
(b) An example XRD data from Fe/Cu-50/50
alloy sample that has shadowing problem. The
top left corner of the image is shadowed by the
experimental setup as the specimen is short.
Figure 5.5: Examples of a regular and shadowed XRD image data. The nominal
sample to detector distance was 660 mm and the x-ray energy was 50
keV for both diraction images. The specimen length was 50.8 mm.
Table 5.1: The components of copper single crystal modulus used to compute
SODF from LSDF. Units in MPa.
c11 c12 c44
168400 121400 75200
A spectrum from the OFHC copper sample is shown in Figure 5.6. The relative
magnitudes of the copper peak changes with sample conﬁguration (!, ) and  due to
non-uniform crystallographic texture. Based on this spectrum, it is possible to speculate
and identify the fhklgs that may yield unreliable lattice strains. For example, the f222g,
f400g, f331g, and f420g peaks are all close to CeO2 peaks. Furthermore, the f420g peak
is at the edge of the detector and its upper tail is irregular. Identifying these features in
the spectrum is important in understanding any irregularities that may exist in the SPF
69Figure 5.6: An example spectrum from the OFHC Cu sample.
data and is discussed further in x5.4.
5.2 Experiment Setup
The details of the experimental setup used in this work is described here. The mechan-
ical loading applied to the specimen is discussed in x5.2.1. The properties of the x-ray
beam used in the CCD and CHD experiments are discussed in x5.2.2. In x5.2.3, the
eect of changing x-ray energies for the XRD experiments is discussed. Finally, the
quality of loading for the CCD experiments are discussed in x5.2.4.
70Table 5.2: The loading parameters for the CHD experiments. The same param-
eters were used at the CHESS and the APS. The specimen is cycled
between Smax
11 and Smin
11 at a frequency of fXRD and the XRD experiments
are performed at SXRD
11 .
fXRD (Hz) 20
Smax
11 (MPa) 245
Smin
11 (MPa) 16
SXRD
11 (MPa) 230
5.2.1 Mechanical Loading
For both the CCD and CHD experiments, the macroscopic loading condition is uniaxial
as shown in Equation 5.1. The cyclic experiments are performed in room temperature
with no atmosphere control. The applied cyclic load on the specimen in the CCD and the
CHDexperimentswere, ingeneral, similartoeachotherexcepttheloadpausesthatwere
used to minimize the accumulation of cycles during the scanning of the XRD data and
the synchronization loads in the CCD experiments and the load pauses that were used
for sample reorientation to populate a larger number of qs in the CHD experiments. The
cyclic loading parameters for the CHD and the CCD experiments are shown in Table
5.2 and Table 5.3 respectively.
S =
0
B B B B B B B B B B B B B B B B B B @
S11 0 0
0 0 0
0 0 0
1
C C C C C C C C C C C C C C C C C C A
(5.1)
Figure 5.7 shows an example of the sinusoidal cyclic loading applied on the OFHC
Cu sample. The applied load is repeatable and shows no overload, underload, or irregu-
71Table 5.3: The loading parameters for the CCD experiments. The specimen is
cycled between Smax
SYN;11 and Smin
SYN;11 at a frequency of fXRD for synchro-
nization and is cycled between Smax
XRD;11 and Smin
XRD;11 at fXRD for the XRD
experiments. The XRD occurs at SXRD
11 .
fXRD (Hz) 20
Smax
SYN;11 (MPa) 113
Smin
SYN;11 (MPa) 106
Smax
XRD;11 (MPa) 240
Smin
XRD;11 (MPa) 24
larities. The ratchetting behavior is expected as the specimen is cycled in load control.
For the CCD experiments, the XRD occurs at the maximum load in the sinusoidal load-
ing. For the CHD experiments, loading is paused and held at a prescribed level while
many qs are interrogated.
5.2.2 X-ray Properties
Two separate synchrotron sources were used in this work. At CHESS, both the CCD
and the CHD experiments were performed at the A2 experimental station2. The charac-
teristics of the x-ray beam used at the CHESS A2 experimental station for the CCD and
the CHD experiments are shown in Table 5.4. Based on the beam size and the approxi-
mate grain size in the aggregate, there are approximately 15000 grains in the diraction
volume. The monochromatic x-ray beam is achieved using two monochromator Si crys-
tals in a ﬁxed oset geometry. A multilayer optics was considered to increase the x-ray
beam ﬂux [112] to minimize the number of accumulated exposures in the CCD exper-
2http://www.chess.cornell.edu
72(a) Thecyclicloadhistoryappliedonthespecimen.
(b) An expanded view of the load history demonstrat-
ing no loading irregularities are present.
(c) The macroscopic stress-strain response of the
specimen showing several cycles. The ratchetting
response of the material is noted as is the small hys-
teresis loop during the cycles.
Figure 5.7: An example of the CCD mechanical loading history.
73Table 5.4: The characteristics of the x-ray beam used at the CHESS A2 experi-
mental station for the CCD and the CHD experiments.
E (keV) 50
E=E (%) 0.2
 (nm) 0.02478
Vertical beam size (mm) 0.5
Horizontal beam size (mm) 0.5
iments but was not pursued as the x-ray energy resolution is sacriﬁced to increase the
x-ray ﬂux.
At APS the 1-ID-C experimental station3, only the CHD experiments were per-
formed. The characteristics of the x-ray beam used at the APS 1-ID-C experimental
station used for this work are shown in Table 5.5. Based on the beam size and the
approximate grain size in the aggregate, there are approximately 5000 grains in the
diraction volume. While the number of grains in the diraction volume for the ex-
periments performed at APS is smaller than that at CHESS, the diraction volume still
contains enough grains such that the micromechanical stress state only varies with ori-
entation. The monochromatic x-ray beam was achieved using a Si(111) bent double
Laue monochromator [113].
At both experimental stations, the x-ray beam size was deﬁned by two sets of mo-
torized slits. The main reason for using a larger x-ray beam at CHESS is to increase
the amount of x-ray photons participating in the diraction while maintaining the lattice
strain resolution. Smaller beam sizes at the CHESS A2 station typically yielded CCD
data unsuitable for lattice strain measurements. As making the incident x-ray beam
3http://www.aps.anl.gov/
74Table 5.5: The characteristics of the x-ray beam used at APS 1-ID-C experimental
station for the CHD experiments.
E (keV) 80
E=E (%) 0.15
 (nm) 0.01548
Vertical beam size (mm) 0.3
Horizontal beam size (mm) 0.3
larger makes the diraction peaks broader, an optimal beam size was found based on
trial and error.
Based on the x-ray properties listed in Tables 5.4 - 5.5, the coherence properties
of the x-ray source can be calculated4. The coherence length is the minimum distin-
guishable length. Due to imperfect x-ray source5, there is a ﬁnite distance between two
objects that can be measured. In this case, calculating the coherent length is relevant to
ensure that the sample is large enough for the experiment. For the x-ray source at the
CHESS A2 experimental station, the x-ray source is approximately 35.5 m away from
the wiggler and the horizontal and the vertical beam sizes from the source before the
optics are 3.61 mm and 1.07 mm respective. Using these numbers and the x-ray band-
width, the longitudinal and the transverse coherence lengths are approximately 1 m.
Similarly, for the x-ray source at the APS 1-ID-C, the x-ray source is approximately 55
m from the undulator and the horizontal and the vertical beam sizes from the source
before the optics are 1 mm and 5 m making the longitudinal and the transverse coher-
ence lengths well below 1 m. This means that the coherence length is not an issue in
4For details, the readers are referred to [77].
5When the powder diraction method was discussed in x2.1, it was implicitly assumed that the inci-
dent x-ray is perfectly monochromatic and that the x-ray waves are perfectly parallel to each other. In a
real x-ray source, even the most advanced synchrotron source, these assumptions are not satisﬁed.
75this work as the sample dimensions are orders of magnitudes larger than the coherence
lengths.
5.2.3 Optimal Number of Peaks
The number of peaks recorded on an area detector is governed by the sample to de-
tector distance and the x-ray energy in the experimental setup used in this work. At
CHESS, the sample to detector distance was adjusted to acquire a minimum of four
fhklgs for copper. Thus an optimal sample to detector distance at 50 keV x-ray energy
was approximately 660 mm. This nominal distance was used for the CCD and the CHD
experiments. Higher energy at the APS 1-ID-C experimental station implies that if the
sample to detector distance is kept the same as that at the CHESS A2 experimental
station, more Debye rings will be included in the image data.
There are several issues with having more Debye rings in the XRD data. First, the
spectra become more complicated as more peaks are closer together. A set of overlap-
ping peaks are unsuitable for measuring lattice strains and should be avoided. Second,
the lattice strain resolution from desirable peaks are lost. In general, the peaks from
lower order fhklgs with high intensity are suitable for lattice strain measurements. On
the other hand, the Debye rings associated with these peaks have smaller radii and are
more susceptible to error from uncertainty in the instrument parameters. Replacing the
lower order fhklg lattice strains with the high order counterparts can be considered, but
the intensities of the higher order Debye rings decease signiﬁcantly and are unsuitable
for lattice strain measurements. These points are illustrated for powder diraction of
ideal copper in Table 5.6. In this table, the locations of the peaks corresponding to sev-
eral fhklgs for copper in powder diraction are considered and calculated for two x-ray
76energies at two sample to detector distance. Based on these reasons and calculations, the
sample to detector distance was increased to approximately 860 mm for the experiments
performed at the APS.
With an optimal sample to detector distance, the beneﬁt of higher energy at APS
1-ID-C is smaller Debye rings. Although smaller Debye rings can lower the lattice
strain resolution, it also increases the number of fhklg SPFs that can be measured and
increasestheSPFcoverageasshadowingofthediractedbeamismitigated. Theformer
is illustrated in Table 5.6 where at the sample to detector distance of 660 mm, using an
80keVx-rayyieldsmoreDebyeringsonanareadetectorthanusinga50keVx-ray. The
latter is reﬂected on the dierence in the rotation angles covered at the two synchrotron
facilities. The rotation angles covered at APS and CHESS experiments are listed in
Table 5.7.
5.2.4 Repeatability of the Mechanical Loading in CCD Experi-
ments
The quality of mechanical loading for the CCD experiments is examined more closely
due to the dynamic nature of the experiment. As discussed in x2.3, the mechanical
loading and the XRD is synchronized for the CCD experiments. Figure 5.8 shows the
synchronized mechanical loading and the LPD signal using the synchronization method
discussed in x2.3.3. The XRD is performed at Smax
XRD;11 and the changes in mechani-
cal loading during exposures to the x-rays need to be understood. Using the recorded
mechanical loading history from a CCD experiment and Equations 2.7 and 2.8, the sta-
bility of the applied mechanical load is measured. Figure 5.9 shows that the applied
mechanical loading is stable during XRD exposures. The average applied loads during
77Table 5.6: The predicted locations for the fhklg peaks on the area detector, n at
prescribed x-ray energies and sample to detector distances. Copper
powder diraction in transmission assuming ideal experimental setup.
The lattice parameter of copper is assumed to be 0.3615 nm. The radius
of the MAR345 detector is 172 mm. If the sample to detector distance,
D, is kept constant while increasing E, the location of the peaks in
the area detector will decrease while increasing the number of peaks
recorded on the area detector. This is not necessarily desirable as the
peaks become overlap (i.e. as the f333g and f511g peaks) and reduces
the strain resolution. To compensate for smaller Bragg angles at higher
x-ray energy, the sample to detector distance is increased.
n
fhklg dn
E=50 keV E=80 keV E=80 keV
D=660 mm D=660 mm D=860 mm
- nm mm mm mm
111 0.2087 78.779 49.078 63.950
200 0.1807 91.129 56.710 73.894
220 0.1278 129.80 80.422 104.79
311 0.1090 153.04 94.500 123.14
222 0.1044 160.13 98.771 128.70
400 0.0904 186.26 114.37 149.03
331 0.0829 204.11 124.89 162.74
420 0.0808 209.80 128.23 167.09
333 0.0696 247.00 149.73 195.10
511 0.0696 247.00 149.73 195.10
78Table 5.7: The diractometer rotation angles used at APS and CHESS. The ro-
tation angles are illustrated in Figure 2.18. As described in Figure
2.17The rotation about the LD of the specimen is  and the rotation
about the Y-axis of the laboratory coordinate system is !.
 () ! ()
CHESS A2
0 0, 10, 20, 30, 40
-25 0, 10, 20, 30
APS 1-ID-C
0 0, 10, 20, 30, 40, 50
-25 0, 10, 20, 30, 40, 50
(a) A plot of the LPD signal and macroscopic
stress vs. time from the experiment shows that
nominally, the LPD is being detected when the
load is at its peak at each load cycle.
(b) An expanded view shows that XRD occurs
very close to the maximum stress point in a cy-
cle. The load signal is sinusoidal and shows no
signiﬁcant ﬂuctuation especially when XRD oc-
curs.
Figure 5.8: For the CCD experiments, the mechanical loading and the XRD (in-
dicated by LPD signal) are synchronized.
exposures are closed to prescribed Smax
XRD;11 and the ﬂuctuation of the applied load during
exposures are small. Thus, any changes in the lattice strains calculated from a set of
CCD experimental data are not due to a systematic error in mechanical loading.
79(a) The average of the applied stress are calcu-
lated for load levels experienced by the spec-
imen during exposure accumulation through-
out the life of an OFHC Cu sample. The aver-
age applied stress is approximately 244 (MPa)
throughout the specimen’s life and shows no
noticeable trends.
(b) The standard deviation of the applied stress
calculated for the load levels experienced by
the specimen during exposure accumulations
throughout the life of an OFHC Cu sample.
The standard deviation is approximately 1.7
(MPa) through the specimen’s life and shows
no noticeable trends.
Figure 5.9: The repeatability of the applied mechanical load during exposure ac-
cumulation for a CCD experiment.
5.3 Strain Pole Figures
Figures 5.10 - 5.17 show the SPFs for several fhklgs measured at APS for the OFHC
Cu sample using the CHD experimental method. The SPFs do not show signiﬁcant
changes as the number of cycles applied to the specimen is increased. At a glance,
the relative magnitudes of the lattice strains in SPFs from dierent fhklgs follow the
directional modulus of a single crystal. As seen in Figure 1.1, a copper single crystal
is the most compliant in h100i and the stiest in h111i in uni-axial tension. While the
crystals in a polycrystalline material are expected to be in a non-uniaxial stress state, it
is expected that the relative magnitudes of the lattice strain measurements for dierent
fhklgs generally follow the relative stinesses of dierent directions. Looking at f200g
and f400g SPFs more closely, the magnitudes of f400g SPFs are consistently and signif-
icantly larger than that for f200g. The two SPFs measure the lattice strains in similar
qs and they are expected to be similar in magnitudes as they are both multiples of the
80Figure 5.10: The SPFs for several fhklgs measured at APS for the OFHC Cu sam-
ple at N=1.
f100g lattice plane. This is an inconsistency in the SPF data and potentially can cause
problems in the inversion process. This point will be discussed further when the LSDFs
are presented in x5.4 and dierent sets of SPFs are considered for the LSDF calculation.
Figures 5.18 - 5.30 show the SPFs for several fhklgs measured at CHESS for OFHC
Cu sample using the CHD experimental method. Similar to the APS CHD data, the
SPFs from CHESS do not show signiﬁcant changes as the number of cycles applied to
the specimen is increased. The number of fhklgs is smaller for CHESS SPFs reﬂecting
the lower x-ray beam energy. As expected from the directional modulus for a copper
single crystal shown in Figure 1.1, the f200g SPF that correspond to the most compliant
direction shows the largest magnitude of lattice strain for qs near LD and the f111g SPF
that correspond to the stiest direction in a copper single crystal shows the smallest
magnitude of lattice strain for qs near LD.
81Figure 5.11: SPFs for several fhklgs measured at APS for the OFHC Cu sample at
N=50.
Figure 5.12: SPFs for several fhklgs measured at APS for the OFHC Cu sample at
N=100.
82Figure 5.13: SPFs for several fhklgs measured at APS for the OFHC Cu sample at
N=500.
Figure 5.14: SPFs for several fhklgs measured at APS for the OFHC Cu sample at
N=1000.
83Figure 5.15: SPFs for several fhklgs measured at APS for the OFHC Cu sample at
N=5000.
Figure 5.16: SPFs for several fhklgs measured at APS for the OFHC Cu sample at
N=10000.
84Figure 5.17: SPFs for several fhklgs measured at APS for the OFHC Cu sample at
N=50000.
85Figure 5.18: SPFs for several fhklgs measured at CHESS for the OFHC Cu sample
at N=1. Note that the color scale is dierent than that used in Figures
5.10 - 5.17
Figure 5.19: SPFs for several fhklgs measured at CHESS for the OFHC Cu sample
at N=5. Note that the color scale is dierent than that used in Figures
5.10 - 5.17
The CHESS and APS data are interesting in several ways. Because the macro-
scopic stress at which the XRD experiments were performed were the same at APS and
CHESS, it is expected that the lattice strain data should be identical and the resulting
LSDFs from the SPF data sets be similar. Two sets of data sets from similar experi-
ments performed at two independent synchrotron sources can highlight some important
features that are needed in a synchrotron source to measure lattice strains and to com-
86Figure 5.20: SPFs for several fhklgs measured at CHESS for the OFHC Cu sam-
ple at N=10. Note that the color scale is dierent than that used in
Figures 5.10 - 5.17
Figure 5.21: SPFs for several fhklgs measured at CHESS for the OFHC Cu sam-
ple at N=50. Note that the color scale is dierent than that used in
Figures 5.10 - 5.17
pute the LSDF. As the APS data set includes SPF measurements from many more fhklgs,
it is also possible to address the question of how many and how much SPF coverage is
necessary to yield a reasonable LSDF. It is thought that a minimum of three independent
SPFs with large number of qs is better for computing the LSDF. These points will be
addressed in x5.4.
87Figure 5.22: SPFs for several fhklgs measured at CHESS for the OFHC Cu sample
at N=100. Note that the color scale is dierent than that used in
Figures 5.10 - 5.17
Figure 5.23: SPFs for several fhklgs measured at CHESS for the OFHC Cu sample
at N=500. Note that the color scale is dierent than that used in
Figures 5.10 - 5.17
5.4 The LSDF and the SODF Results
In this section, the (N;r) and (N;r) results are presented. In x5.4.1, the relationship
between the choice of SPFs used in the calculation of (N;r) and (N;r) results are
examined. ItisshownthatthechoiceofSPFmeasurementsusedintheinversionprocess
changes the (N;r) results. A systematic method to pick the (N;r) and (N;r) results
88Figure 5.24: SPFs for several fhklgs measured at CHESS for the OFHC Cu sample
at N=1000. Note that the color scale is dierent than that used in
Figures 5.10 - 5.17
Figure 5.25: SPFs for several fhklgs measured at CHESS for the OFHC Cu sample
at N=5000. Note that the color scale is dierent than that used in
Figures 5.10 - 5.17
that best minimizes Equation 4.10 while in agreement with the mechanical loading is
proposed in x5.4.2 and x5.4.3.
89Figure 5.26: SPFs for several fhklgs measured at CHESS for the OFHC Cu sample
at N=10000. Note that the color scale is dierent than that used in
Figures 5.10 - 5.17
Figure 5.27: SPFs for several fhklgs measured at CHESS for the OFHC Cu sample
at N=25000. Note that the color scale is dierent than that used in
Figures 5.10 - 5.17
5.4.1 SPF Data and the SODF
As discussed in x2.1 and x4.3, an LSDF is the elastic strain tensor ﬁeld over orientation
space. It is the most likely elastic strain given a crystal orientation. Unlike the single
grain experiments discussed brieﬂy in x2.1 or using a set of strain gauges on a compo-
nent, the tensor ﬁeld must be deduced from many lattice strain measurements at many
90Figure 5.28: SPFs for several fhklgs measured at CHESS for the OFHC Cu sample
at N=50000. Note that the color scale is dierent than that used in
Figures 5.10 - 5.17
Figure 5.29: SPFs for several fhklgs measured at CHESS for the OFHC Cu sample
at N=75000. Note that the color scale is dierent than that used in
Figures 5.10 - 5.17
qs. The problem with calculating the (N;r) from a set of SPFs is that it is not easy to
ﬁnd the SPF outliers let alone ﬁnding a reasonable subset of fhklg SPFs. For example,
in the SPFs data from APS presented in x5.3, f200g and f400g were inconsistent and are
potential outliers. Furthermore, for a point in specimen’s life, which of the eight SPFs
in the case of APS SPF data or which of the four SPFs in the case of CHESS SPF data
should be used for the LSDF calculation is unknown.
91Figure 5.30: SPFs for several fhklgs measured at CHESS for the OFHC Cu sample
at N=100000. Note that the color scale is dierent than that used in
Figures 5.10 - 5.17
The LSDFs at various points in a specimen’s life was computed using the SPFs
presented in x5.3 using the inversion method discussed in x4.3. Since many SPFs from
fhklgs are available from the APS data, a suite of SPFs from dierent fhklgs measured at
the same point in specimen life were chosen to understand the sensitivity of the resulting
LSDF to the number of SPFs used.
The fhklgs used in the case studies are listed in Table 5.8. Case A takes advantage
of the full set of SPF measurements from APS. The lattice strain measurements from
the high order fhklgs that are unavailable at CHESS for many engineering alloys are
included. Case B uses the set of lattice strains from three common lattice planes. Cases
C, D, and E are dierent mixes of fhklgs. Case C uses lattice strain measurements from
more compliant directions while Case D uses the stier directions with an inclusion of
possibly inconsistent data from f400g. In Case C, f200g SPF is intentionally chosen over
f400g SPF. The set of fhklgs used in cases E and F are the same but are from APS and
CHESS respectively.
As discussed in x4.3, the goal of the LSDF calculation is to compute a lattice strain
92Table 5.8: The data source and SPFs used in the case studies A - F. Case A uses
all available fhklgs from the diraction data. The number of fhklgs par-
ticipating in the inversion was varied in cases B, C, and D. For cases E
and F, the fhklgs participating in the inversion processes are the same
but are from dierent synchrotron sources.
Data Source fhklgs
A APS 111, 200, 220, 222, 311, 331, 400, 420
B APS 200, 220, 311
C APS 200, 220 311, 420
D APS 111, 222, 331, 400
E APS 111, 200, 311, 220
F CHESS 111, 200, 311, 220
tensor ﬁeld over orientation space that best matches the measured lattice strain pole ﬁg-
ures while satisfying other constraints on it. Thus, the performance of the LSDF calcula-
tion process can be measured by comparing the experimental SPFs and the recalculated
SPFs using Equation 4.11. Figure 5.31 shows the dierence between the measured and
recalculated SPFs for all cases. The range of the error, Rspf, is between 9% - 50%.
The case studies indicate that more SPFs involved in the calculation process does
not necessarily yield a better LSDF. For example, the LSDF computed using all possible
SPFs from APS experiments (Case A) yielded high Rspf while using only three (Case
B) or four (Case C) SPFs for LSDF calculation yielded consistently lower Rspf.
It is also interesting to note that the LSDF depends on the choice of which SPFs
to use for the LSDF calculation. Four SPFs were used in Cases C and D. In Case
C, relatively compliant fhklgs were chosen for the LSDF calculation. In Case D, four
93SPFs representing relatively sti directions thus smaller strain magnitudes as well as
compliant but inconsistent SPF from f400g (as discussed in x5.3) were used for the
LSDF calculation. Case D’s Rspf is much higher than that from Case C. Thus, it is
possible to conclude that combining an outlier (f400g SPF) with low resolution SPF
data from stier fhklgs yields a less accurate LSDF.
Cases E and F uses the SPFs from the same set of fhklgs but the data were collected at
APS and CHESS. While it was expected that using the APS SPFs to calculate the LSDF
would yield smaller Rspf than using the CHESS SPFs, the Rspf plots indicate otherwise.
The LSDFs from Cases E and F are evenly matched. Furthermore, Case B where only
three SPFs were used to calculate the LSDF yielded smaller Rspf than that from Case A
where eight SPFs were used.
It is commonly thought that the lattice strain measurements at higher energy are
necessary to compute the LSDF. However, the case studies show that it is not only the
number of fhklgs and qs but the choice of fhklgs used to compute the the LSDF.
5.4.2 The SODF and Applied Macroscopic Stress
As discussed in x4.3, an LSDF is converted to an SODF using the anisotropic Hooke’s
law (Equation 4.12) with appropriate rotations and single crystal modulus. If the lattice
strains were properly measured, the LSDF calculation was successful, and appropriate
single crystal moduli are used to convert the (N;r) to the (N;r), the (N) must equal
the macroscopic applied load.
As presented in x5.2.1, the specimen was subjected to a uniaxial cyclic load (Equa-
tion 5.1). In the CHD experiments, the macroscopic load is held constant while the
94(a) Case A (b) Case B
(c) Case C (d) Case D
(e) Case E (f) Case F
Figure 5.31: The %-error between the measured and recalculated SPF, Rspf, com-
puted using Equation 4.11. The LSDFs at various points in speci-
mens’ lives using cases is deﬁned in Table5.8.
95specimen is rotated with respect to the incident beam. It is expected that the weighted
sum of the SODF using Equation 4.13 must equal the applied uniaxial stress.
Figure 5.32 shows the (N) for dierent cases. In all cases, 11 is the largest. In
Cases A and D where the Rspf were large, 11 is approximately 400 MPa and 550 MPa
respectively. These valuesarefar fromSXRD
11 of230 MPa. Theother componentsof (N)
are also large, reaching close to 200 MPa in Case A for the 22- and 33-components of
(N) and 400 MPa in Case D for the 33-component of (N). For Cases B, C, and F, 11
is close to SXRD
11 while the other components of (N) are closer to zero. Surprisingly,
Case F that used the SPF data from CHESS matches the macroscopic load well while
Case E that used the APS SPFs from the same fhklgs measured at CHESS performed
poorly.
Based on Rspf and (N) results, it is reasonable to conclude that the calculation of
LSDF from a set of SPF data is not a trivial task and that the LSDFs from Cases A and
D are not optimal results. As seen in x5.4.1 using the %-error measure, Rspf, and using
the (N) in this section, the choice of fhklgs involved in the calculation of LSDF is an
important factor in acquiring a reasonable (N;r). If inconsistent data such as the f400g
SPF from APS data or the SPFs from fhklgs that represent stier directions are used, the
(N;r) results are not reliable.
5.4.3 The SODF over Orientation Space
It is expected that the SODFs from dierent cases would look signiﬁcantly dierent
based on the results presented in x5.4.1 and x5.4.2. However, the (N;r)s plotted over
orientation space indicate otherwise. Here, only Cases A, C, and F are shown using data
representation method discussed in x3.1.
96(a) Case A (b) Case B
(c) Case C (d) Case D
(e) Case E (f) Case F
Figure 5.32: The sum over orientation space of the SODF at various points in
specimens’s lives using cases deﬁned in Table 5.8. The sum of the
SODF should match the macroscopic applied load if the LSDFs are
properly computed and appropriate single crystal moduli for the ma-
terial are used. During XRD, SXRD
11 is 230 MPa and while the other
components of SXRD are zero.
97Case A is an example of the SODF results with a high Rspf and (N) signiﬁcantly
dierent from the applied macroscopic stress. Case C and F are the SODF results ac-
quired using the SPF data from APS and CHESS with low Rspfs and a reasonable match
between (N)s and the applied macroscopic stress. The components of SODF plotted
over orientation space for Case A is shown in Figures 5.33 - 5.38. Figures 5.39 - 5.44
show the components of SODF over orientation space for Case F. Figures 5.45 - 5.56
show the components of SODF over orientation space for Case F. The (N;r) for the
other cases are not shown here but they also show similar trends as Cases A, C, and F.
As expected from the Rspf and (N) results, the SODFs from case A are unreason-
able. Although 11 is expected to be the largest component of the crystal stresses in
general, at certain locations in orientation space the value of 11 reaches over 800 MPa.
This is extremely high compared to the mechanical properties of a single crystal copper.
Similar is the case for the other normal components of the crystal stresses as well as the
shear stresses. The SODF result from Case A is probably not a good representation of
the crystal stresses and their evolution with respect to specimen life based on Rspf (N)
and visualizing the SODF over orientation space.
98Figure 5.33: The 11(r) for Case A plotted over orientation space. Each row
shows the SODF at a dierent point in a specimen’s life. The
columns are cuts through orientation space as speciﬁed in x3.1.
99Figure 5.34: The 22(r) for Case A plotted over orientation space. Each row
shows the SODF at a dierent point in a specimen’s life. The
columns are cuts through orientation space as speciﬁed in x3.1.
100Figure 5.35: The 33(r) for Case A plotted over orientation space. Each row
shows the SODF at a dierent point in a specimen’s life. The
columns are cuts through orientation space as speciﬁed in x3.1.
101Figure 5.36: The 23(r) for Case A plotted over orientation space. Each row
shows the SODF at a dierent point in a specimen’s life. The
columns are cuts through orientation space as speciﬁed in x3.1.
102Figure 5.37: The 13(r) for Case A plotted over orientation space. Each row
shows the SODF at a dierent point in a specimen’s life. The
columns are cuts through orientation space as speciﬁed in x3.1.
103Figure 5.38: The 12(r) for Case A plotted over orientation space. Each row
shows the SODF at a dierent point in a specimen’s life. The
columns are cuts through orientation space as speciﬁed in x3.1.
104Figure 5.39: The 11(r) for Case C plotted over orientation space. Each row
shows the SODF at a dierent point in a specimen’s life. The
columns are cuts through orientation space as speciﬁed in x3.1.
Figures 5.39 - 5.44 are the SODF results from Case C. The Rspf result for case C
showed small errors and the (N) were close to the macroscopic stress applied on the
specimen. The maximum value of the stress components is 410 MPa which is more
reasonable than that from Case A. The crystal stresses are not uniaxial and shows large
variation over orientation space. The SODF changes slightly from the beginning to the
end of a specimen’s life but the main features of the SODF remain the same. The highs
and the lows of the SODF remain stationary while the magnitudes change slightly. The
evolution of the SODF over specimen life is probably small. At cycle 10, the magnitude
of SODF is smaller and seemingly undergoes a large change but nevertheless the highs
and the lows are similar to the SODFs from other cycles.
105Figure 5.40: The 22(r) for Case C plotted over orientation space. Each row
shows the SODF at a dierent point in a specimen’s life. The
columns are cuts through orientation space as speciﬁed in x3.1.
106Figure 5.41: The 33(r) for Case C plotted over orientation space. Each row
shows the SODF at a dierent point in a specimen’s life. The
columns are cuts through orientation space as speciﬁed in x3.1.
107Figure 5.42: The 23(r) for Case C plotted over orientation space. Each row
shows the SODF at a dierent point in a specimen’s life. The
columns are cuts through orientation space as speciﬁed in x3.1.
108Figure 5.43: The‘3(r)forCaseCplottedoverorientationspace. Eachrowshows
the SODF at a dierent point in a specimen’s life. The columns are
cuts through orientation space as speciﬁed in x3.1.
109Figure 5.44: The 12(r) for Case C plotted over orientation space. Each row
shows the SODF at a dierent point in a specimen’s life. The
columns are cuts through orientation space as speciﬁed in x3.1.
110Figure 5.45: The 11(r) for Case F plotted over orientation space for cycle 1 -
cycle 5000. Each row shows the SODF at dierent point in a speci-
men’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
Figures 5.45 - 5.56 are the SODF results using the SPFs measured at CHESS (Case
F). Visibly, the crystal stress ﬁeld signiﬁcantly diers from the crystal stress ﬁeld from
Case C where inverting a subset of the SPFs from measured at APS yielded reasonable
results. However, looking at the distributions more closely, there are many similarities.
In many cases, the locations of the highs and the lows in the distribution are similar
although the magnitudes may be dierent. Similar to Case C, the SODF from Case
F shows that the the crystal stresses are signiﬁcantly dierent from the uniaxial stress
imposed on the sample. And the crystal stresses do not evolve much over the life of a
specimen.
111Figure 5.46: The 11(r) for CaseF plotted over orientation spacefor cycle 10000 -
cycle 100000. Each row shows the SODF at dierent point in a spec-
imen’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
5.5 The Evolution of Crystal Stresses
In this section, the evolution of the SODF over the life of a specimen is examined. First,
the SH analysis is used to observe the overall changes in the SODF with respect to
specimen life. The SH analysis method, presented in x4.4, is used on the SODFs to
identify the important features in x5.5.1. In x5.5.2, the SH analysis results from x5.5.1
is used to identify the changes in the SODFs over the life of a specimen. Whether the
SH analysis can be used to capture changes in the SODF due to cyclic loading will also
be examined here.
Second, the crystal stresses along several ﬁbers are examined more closely. In
x5.5.3, the CHD and the CCD experimental data are compared. Motivated by changes
observed in x5.5.2 and the trends seen in x5.5.3, the crystal stresses along several ﬁbers
are examined more closely in x5.5.4.
112Figure 5.47: The 22(r) for Case F plotted over orientation space for cycle 1 -
cycle 5000. Each row shows the SODF at dierent point in a speci-
men’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
5.5.1 SH Analysis of the CHD Data
Despite seemingly signiﬁcant dierences in the SODFs from cases A, C, and F, the SH
analysis shows that the highs and the lows of the SODF are very similar. Using spherical
harmonics analysis discussed in x4.4, each component of (N;r) for Cases A, C, and F
are examined. Figures 5.57 - 5.59 show the results.
The SH analysis results for the 11 component of the SODFs from Cases A, C, and
F are shown in Figure 5.57. While the non-uniform crystallographic texture of the ag-
gregate means that it is not only mode 1, the constant mode, that contributes to the
113Figure 5.48: The 22(r) for CaseF plotted over orientation spacefor cycle 10000 -
cycle 100000. Each row shows the SODF at dierent point in a spec-
imen’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
magnitude of S11, it is still mode 1 that is the major contributor to the magnitude of
S11 as seen from the large magnitude of the SH coecient corresponding to mode 1.
The magnitude of the ﬁrst coecient in Case A is larger than that for Cases C and F
reﬂecting the large 11(N) for Case A. Cases C and F show similar SH analysis results.
The SH analysis results for the 22 component of the SODFs from Cases A, C, and F
are shown in Figure 5.58. Similar to the 11 component of the SODF results, the 22 com-
ponent is dominated by the ﬁrst mode in all three cases. While Case A is overwhelmed
by the ﬁrst mode consistent with 22(N), for Cases C and F, the SH coecient for mode
1 is large but there other modes that are active (i.e. mode 3 in both cases). These active
modes will be monitored more closely in x5.5.2 for tracking the evolution of the SODF
with respect to specimen life. It is also important to note that while the macroscopic
stress was uniaxial, the crystal stresses have non-zero transverse normal stresses. While
the results from the 33 component of the SODFs from Cases A, C, and F are not shown
114Figure 5.49: The 33(r) for Case F plotted over orientation space for cycle 1 -
cycle 5000. Each row shows the SODF at dierent point in a speci-
men’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
here, the 33(N) shows a similar result as that from the 22 component of the SODF.
The shear components of the crystal stresses over orientation space are also exam-
ined. Unlike the macroscopic stress state, the crystal stresses have large shear com-
ponents as well illustrating the complicated nature of the crystal stresses. Figure 5.59
shows the SH analysis for the 13 component of the SODFs from Cases A, C, and F.
While in all three cases, mode 1 is the most active, Case A that was judged unsatisfac-
tory due to large Rspf and large deviation of (N) from S(N) has an opposite sign for the
mode 1 coecient than those from Case C and F. For Cases C and F, the SH analysis
results are similar. They share common active modes and in active modes (i.e. mode 9
115Figure 5.50: The 33(r) for CaseF plotted over orientation spacefor cycle 10000 -
cycle 100000. Each row shows the SODF at dierent point in a spec-
imen’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
is active in both cases).
Observing the (N;r)s and applying the SH analysis on the SODFs from Cases C
and F, the deviation of crystal stresses from the uniaxial stress state that was imposed on
the specimen is signiﬁcant. Case A, while showed similar trends in SH analysis as those
from Cases C and F, is ignored as the Rspf was high, the (N) was signiﬁcantly dier-
ent from S(N), and the magnitudes of the components of the SODF were unreasonable.
The transverse normal stresses and the shears are not zeroes and show a non-uniform
distribution of stress over orientation space. Cases C and F shows that even under uni-
axial macroscopic stress, the crystals in the aggregate can be in multi-axial stress states.
It is also signiﬁcant that the SODF results from APS and CHESS are comparable. It is
commonly expected that because of high energy and better energy resolution, the results
from APS will be better. But the work presented in this section shows that that is not
necessarily the case. However, as the x-ray energy resolution is better at the APS, Case
116Figure 5.51: The 23(r) for Case F plotted over orientation space for cycle 1 -
cycle 5000. Each row shows the SODF at dierent point in a speci-
men’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
C will be examined in detail from here on especially for the peak broadening studies.
5.5.2 The Evolution of the SH Modes
The SH analysis discussed in x4.4 and used in x5.4.3 is used to pick out the major
features in the SODF as well as the changes that occur in the SODF with respect to
specimen life. The active modes in a component of stress are the representative stress
ﬁelds and monitoring the changes in their activities can tell if the components of SODF
are evolving. Similarly, if the inactive modes in a components of SODF become highly
117Figure 5.52: The 23(r) for CaseF plotted over orientation spacefor cycle 10000 -
cycle 100000. Each row shows the SODF at dierent point in a spec-
imen’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
active as the specimen is cycled to failure, this phenomenon can be interpreted as the
evolution of the corresponding SODF component.
Table 5.9 lists the two most active modes and the two least inactive modes for all
components of SODF. Table 5.10 lists the two modes that show the largest and the
smallest changes in their coecients throughout specimen life for all components of
SODF. Using the SH analysis presented in x5.5.1, the SH modes that are most active
or inactive can be identiﬁed by tracking the SH coecients. Similarly, the modes that
change the most or the least can also be tracked by monitoring the changes in the SH
coecients.
As seen in Table 5.9, the ﬁrst SH mode is an active mode in many stress compo-
nents of the SODF. The ﬁrst SH mode is the constant mode and if the crystallographic
orientation distribution were uniform in a polycrystalline material, this mode would be
118Figure 5.53: The 23(r) for Case F plotted over orientation space for cycle 1 -
cycle 5000. Each row shows the SODF at dierent point in a speci-
men’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
the only mode contributing to the non-zero values in the (N). However, as the OFHC
copper used in this work has a non-uniform orientation distribution, an active mode 1
does not automatically mean the (N) will have non-zero components. In other words,
using the crystallographic texture as the weighting function, the other modes can also
contribute to the (N).
The history of the SH coecients listed in Tables 5.9 and 5.10 are shown in Figures
5.60 - 5.65. The SH coecients for a component of (N;r) are compared to the SH
coecients found for the same component of (1;r) and are plotted as the change in
the SH coecient. Based on these plots two features of the SODF evolution with respect
119Figure 5.54: The 13(r) for CaseF plotted over orientation spacefor cycle 10000 -
cycle 100000. Each row shows the SODF at dierent point in a spec-
imen’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
Table 5.9: A list of the two most active and the least active SH modes for the
components of SODF throughout the life of a specimen.
Stress Component Active Mode Inactive Mode
11 1, 9 15, 21
22 1, 3 4, 5
33 1, 6 20, 21
23 4, 6 19, 21
13 1, 9 14, 15
12 2, 4 12, 17
120Figure 5.55: The 12(r) for Case F plotted over orientation space for cycle 1 -
cycle 5000. Each row shows the SODF at dierent point in a speci-
men’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
to specimen life arise.
First, the evolution of the SODF over orientation space is small. The changes in
the coecients with respect to that found for the ﬁrst cycle are  20 - 30 MPa at most.
Nevertheless, these changes are still larger than the approximate stress resolution that is
available with the current experimental technique. Typically, the lattice strain resolution
is approximately 10 4 in the current experimental technique. As a simple approximation
for the stress resolution, multiplying the lattice strain resolution by the Young’s modulus
of the OFHC Cu yields approximately 10 MPa. Using the Cu single crystal directional
modulus shown in Figure 1.1, the approximate stress resolution is 8 - 18 MPa. Thus,
121Figure 5.56: The 12(r) for CaseF plotted over orientation spacefor cycle 10000 -
cycle 100000. Each row shows the SODF at dierent point in a spec-
imen’s life. The columns are cuts through orientation space speciﬁed
in x3.1.
Table 5.10: A list of the SH modes that show the most and least changes in their
magnitudes of the coecients with respect to the ﬁrst cycle.
Stress Component Large Changes Small Changes
11 6, 9 1, 10
22 13, 20 8, 19
33 10, 13 1, 6
23 7, 18 6, 8
13 2, 8 5, 9
12 18, 21 2, 7
122(a) Case A (b) Case C
(c) Case F
Figure 5.57: The SH analysis results for the 11 component of the SODFs. Only
Cases A, C, and F are considered. While more SODFs were calcu-
lated only the SH coecients of the SODFs from cycles 1, 5, 5000,
and 50000 are plotted here. The horizontal axis is the number of cy-
cles and the vertical axis is the SH coecients corresponding to the
SH modes.
some changes in the SODF that are seen in Figures 5.60 - 5.65 with respect to specimen
life while small is not negligible.
Second, many modes remain stable throughout the life of a specimen while a few
modes change signiﬁcantly. The changes occur at the latter part of the specimen life.
This maybe an indicator of drastic changes in the micromechanical stress state as the
specimen is getting closer to its failure. However, the activation of certain modes for
a component of SODF cannot be interpreted as the direct link to explaining the fatigue
failure mechanism. Considering the multiaxial nature of the micromechanical stress
state, all modes activating (and deactivating) in all six components of the SODF need
123(a) Case A (b) Case C
(c) Case F
Figure 5.58: The SH analysis results for the 22 component of the SODFs. Only
Cases A, C, and F are considered. While more SODFs were calcu-
lated only the SH coecients of the SODFs from cycles 1, 5, 5000,
and 50000 are plotted here. The horizontal axis is the number of cy-
cles and the vertical axis is the SH coecients corresponding to the
SH modes.
to be examined to explain fatigue failure. On the other hand, the activation of certain
modes in a particular component of the SODF maybe used as an indicator of changes
that will lead to fatigue failure.
5.5.3 CCD and CHD Data Comparison
The lattice strain measurements using the CCD and the CHD experiments are compared
using the qs closest to the LD and the TD. The CHD experiments are performed at
a constant load and the CCD experiments are performed while the specimen is under
124(a) Case A (b) Case C
(c) Case F
Figure 5.59: The SH analysis results for the 13 component of the SODFs. Only
Cases A, C, and F are considered. While more SODFs were calcu-
lated only the SH coecients of the SODFs from cycles 1, 5, 5000,
and 50000 are plotted here. The horizontal axis is the number of cy-
cles and the vertical axis is the SH coecients corresponding to the
SH modes.
cyclic load. Comparing the lattice strains from a set of common qs available from both
experimental techniques enables one to see if the CHD experimental data capture similar
evolution in a slightly modiﬁed loading condition. While this is limited to a few qs and
fhklgs, it is the best information that is available to judge whether the two experiments
are at all similar. It is also important to note that only the qs closest to the LD and
the TD are examined. While the CCD experiment still captures a full Debye ring for
an fhklg, because of the crystallographic texture and the resulting highs and lows in the
peakintensities, otherqswereunavailableforcomparison. Figure4.4showsanexample
diraction data taken at normal incidence. While the peak intensities for f220g at  other
125Figure 5.60: The evolution of the SH modes listed in Tables 5.9 and 5.10 for the
11 component of the (N;r).
Figure 5.61: The evolution of the SH modes listed in Tables 5.9 and 5.10 for the
22 component of the (N;r).
126Figure 5.62: The evolution of the SH modes listed in Tables 5.9 and 5.10 for the
33 component of the (N;r).
Figure 5.63: The evolution of the SH modes listed in Tables 5.9 and 5.10 for the
23 component of the (N;r).
127Figure 5.64: The evolution of the SH modes listed in Tables 5.9 and 5.10 for the
13 component of the (N;r).
Figure 5.65: The evolution of the SH modes listed in Tables 5.9 and 5.10 for the
12 component of the (N;r).
128than closest to the LD and the TD are high, these are where the lattice strain gets very
small and comparing the lattice strains from CHD and CCD experimental data at this q
is also not useful due to experimental resolution.
Figure 5.66 shows the comparison of the LD and TD lattice strains from three
sources. The lattice strain measurements using the CCD and the CHD experimental
methods for qs that are closely aligned with the LD and TD directions are compared.
Also plotted are the LD and TD lattice strains from the (N;r). The LD and TD lattice
strains from the (N;r) are found by the ﬁnding the exact ﬁber given an fhklgand using
Equation 3.3. Because the Bragg angles are small comparing the closest qs to LD and
TD lattice strains from the experimental data to the LD and TD lattice strains calculated
from the LSDF is reasonable.
The lattice strains from the CCD and CHD experiments all evolve with varying
magnitudes. In the CCD experiments, the LD lattice strains show a signiﬁcant increase.
The relative magnitudes of the lattice strains in the LD follow the expected behavior
based on the single crystal direction modulus even as they evolve. The TD lattice strains
in general show no change. For the CHD lattice strains, the evolution of lattice strains in
the LD is smaller than that from the CCD experiments. The LD lattice strains for f111g
and f200g show some small changes while f220g remains fairly constant for the majority
of the specimen’s life. The TD lattice strains remain relatively constant as well.
While the evolution of crystal stress can cause the changes in lattice strains mea-
sured in the LD and TD, there are other sources. First, a systematic changes in the
instrument parameters can cause ﬁctitious peak shift. For example, if the lattices strains
do not evolve but the detector is tilted during the cyclic experiments such that the tilt-
ing axis is about the TD direction, lattice strain measurements in the LD can seemingly
be larger even though no actual changes in lattice strains occurred. However, the in-
129(a) f111g (b) f220g
(c) f200g
Figure 5.66: The LD and TD lattice strains with respect to the number of cycles
are compared for dierent fhklgs. The lattice strains from the CCD
experiments show a measurable changes while the CHD experiments
show smaller changes in f111g and f200g while f220g remains con-
stant for the initial part of experiments. The recalculated LD and
TD lattice strains from Case C closely follows the measured lattice
strains.
strument parameters were examined and were found to be stable for both the CCD and
CHD experiments.
Second, the macroscopic stress applied on the specimen may have diverged from
the prescribed conditions. This is a bigger concern for the CCD experiments due to its
dynamic nature. Using Equations 2.7 and 2.8, the stability of the applied macroscopic
load was examined. Figure 5.9 shows that the macroscopic loading did not change
systematically. For the CHD experiments, the stability of the macroscopic load is less
130of an issue as XRD takes place while the specimen is held at a constant load. The cyclic
loading for the CHD experiment was also stable. Thus, the stresses along several ﬁbers
need to be examined to understand the increase in the LD lattice strains seen in both the
CCD and CHD experimental results.
5.5.4 Fiber Stresses and their Evolution
In x5.5.3, it was shown that the LD lattice strains are changing signiﬁcantly with respect
to specimen life while the macroscopic loading conditions and the instrument parame-
ters remained stable. At the same time the TD lattice strains did not show a comparable
evolution. The evolution of the crystal stresses along the ﬁbers of interest is investigated
to using the (N;r)from CHD experimental data to understand the changes in the lattice
strains.
Given an SODF, the average crystal stress tensor along a ﬁber, (rﬁb), is deﬁned by
the following equation.
(rﬁb) =
Z
rﬁb
w(r)(N;r)dr (5.2)
For a given (rﬁb), the directionality of the crystal stress along a ﬁber is examined
by calculating the principal stresses and the principal directions. Figure 5.67 illustrates
the analysis method. The principal directions (v1, v2, v3) are found and their angles with
respect to the sample axes are calculated using direction cosines.
Figure 5.68 shows the magnitude of the principal stresses and the direction cosines
of the principal directions for fhklgs k LD. For each principal direction, the maximum of
the direction cosines to LD, TD and ND are found. These are plotted in Figure 5.68(b),
131Figure 5.67: A schematic for analyzing the crystal stress tensor along a ﬁber.
Given (rﬁb). The principal stresses (1, 2, 3) and the principal
directions (v1, v2, v3) are found. The angles between the principal
directions and the sample directions are found and monitored.
(d), and (f). Corresponding principal stresses for each principal direction is plotted in
Figure 5.68(a), (c), and (e). Similar analysis is performed for the ﬁber stresses computed
for fhklgs k TD and plotted in Figure 5.69 in the same manner.
In general, one principal direction of the crystal stresses are well aligned with the
sample ND direction indicated by the values of direction cosine values taken with re-
spect to the ND direction being close to one. This is the case for the two ﬁber stresses
found along fhklgs k LD ﬁber and fhklgs k TD ﬁber. The magnitude of the corresponding
principal stress remains close to 0 MPa with some variation.
On the other hand, the principal directions closest to the LD and the TD change sig-
niﬁcantly over the life of a specimen as well as with respect to fhklgs. The magnitudes
of the corresponding principal stresses are as expected. The principal stress correspond-
ing to the principal direction closest to the LD has the largest magnitude and close to
132(a) The magnitudes of the principal
stresses for (f111g k LD).
(b) The direction cosines of the princi-
pal directions for (f111g k LD).
(c) The magnitudes of the principal
stresses for (f200g k LD).
(d) The direction cosines of the princi-
pal directions for (f200g k LD).
(e) The magnitudes of the principal
stresses for (f220g k LD).
(f) The direction cosines of the princi-
pal directions for (f220g k LD).
Figure 5.68: For each ﬁber stress at a point in specimen’s life, the principal
stresses and the directions are found as illustrated in Figure 5.67. For
each principal direction, the direction cosines are calculated with re-
spect to the LD, TD, and ND and the smallest angle between it and
LD, TD, and ND are shown in (b), (d), and (e) and the corresponding
principal stresses are plotted in (a), (c), and (e).
133(a) The magnitudes of the principal
stresses for (f111g k TD).
(b) The direction cosines of the princi-
pal directions for (f111g k TD).
(c) The magnitudes of the principal
stresses for (f200g k TD).
(d) The direction cosines of the princi-
pal directions for (f200g k TD).
(e) The magnitudes of the principal
stresses for (f220g k TD).
(f) The direction cosines of the princi-
pal directions for (f220g k TD).
Figure 5.69: For each ﬁber stress at a point in specimen’s life, the principal
stresses and the directions are found as illustrated in Figure 5.67. For
each principal direction, the direction cosines are calculated with re-
spect to the LD, TD, and ND and the smallest angle between it and
LD, TD, and ND are shown in (b), (d), and (e) and the corresponding
principal stresses are plotted in (a), (c), and (e).
134the macroscopic stress applied on the sample while the principal stress for the principal
direction closest to the sample TD show magnitudes closer to zero. This is the case for
both ﬁbers of interest.
From this study, two conclusions can be drawn. First, the crystal stresses are not the
same as the macroscopic stress applied on the specimen. While the crystal stresses have
the largest magnitude in the LD, the deviation from the uniaxial stress state applied to
the sample is not negligible. This was seen when the SODF was visualized in x5.4.3
and is only reinforced here.
Secondly, while the change in the crystal stresses along a particular ﬁber and its
rotation with respect to specimen life can be an explanation for the changes in lattices
strains in qs closest to the LD and TD presented in x5.5.3 it is not entirely the case.
The cases supporting the rotation of the crystal stress states are (f111g k LD) and
(f220g k LD). In both cases, the angles between the principal directions closest to
the LD and TD are decreasing (indicated by the increase in direction cosine) while the
corresponding principal stresses are increasing by approximately 50 MPa or remaining
mostly constant. The crystal stresses along the two ﬁbers are rotating about the ND the
principal directions are aligning with the LD, TD, and ND directions.
However, focusing on the ﬁber stress along f200g k LD, the angle between the prin-
cipal direction closest to the LD is increasing by approximately 15 (indicated by the
decrease in direction cosine). Meanwhile, the corresponding principal stress magni-
tudes also increases by approximately 50 MPa. This is also the case when the principal
direction closest to TD for the ﬁber stress along f200g k LD. Thus, based on the f200g k
LD ﬁber stress, the crystal stress state along f200g k LD is rotating about the ND mov-
ing away from the sample coordinates while increasing its principal values. Thus, it is
not entirely the rotation of the crystal stresses but also a combination of increase in the
135stress magnitudes along with the crystal rotation that occurs that maybe contributing to
the changes in the lattice strains seen in x5.5.3.
5.6 Peak Width Analysis
The evolution of the peak widths are examined using the CHD experimental data and
(N;r) from Case C. In x5.6.1 the peak widths are averaged over all qfor a particular
fhklgand the average is examined. In x5.6.2, the peaks at qs corresponding to large peak
intensities are chosen and their widths are monitored. Finally, using decomposition
proposed in x4.5 and the (N;r), the eect of lattice strain distribution is separated from
the total peak width in x5.6.3. In all three sections, the peak widths of the f111g, f200g,
and f220g reﬂections are examined.
5.6.1 Average Peak Widths
For a given fhklg, the gtot
i (N) measured at all  for all specimen conﬁguration (!, ) are
averaged. Figure 5.70 shows the results. In this ﬁgure, several interesting trends emerge
that are common to all three fhklgs.
The ﬁrst trend that is consistent for all peaks from the three fhklgs is the increase in
peak width from the reference state of the material to cycle one. The second trend is
the constant peak width over the life of a specimen. In all three fhklgs, the peak widths
remain stable in majority of the specimen’s life. Finally, in the last portion of specimen
life the average peak widths in all three fhklgs increases again.
Any changes in a peak width can be due to changes in the instrument. However,
136(a) The average of the f111g diraction peak widths
from the CHD experiments.
(b) The average of the f220g diraction peak widths
from the CHD experiments.
(c) The average of the f200g diraction peak widths
from the CHD experiments.
Figure 5.70: The average of the peak widths with respect to cycle number. Note
that the cycle number is N+1 to include the measurements from the
reference sample state.
from the intensity and the peak positions of the CeO2 peaks in all the XRD data, the
instrument parameters did not change signiﬁcantly from one point in specimen’s life to
the other. The peak width also depends on the diraction volume size. However, as the
specimenisrotationwasstablethroughouttheexperiment, itisassumedthatthechanges
in diraction volume size is repeatable during the experiment and when averaging the
peak widths from dierent sample conﬁgurations (!, ), the broadening due to sample
reorientation with respect to the x-ray beam is constant.
137The magnitudes and the total changes in average peak width is small. However,
given the experimental setup these are appreciable quantities. Assuming an ideal in-
strument setup and the nominal sample to detector distance of 860 (mm), the angular
resolution of the detector in 2-space is approximately 0.0007o. The total changes in
the average peak widths for the three fhklgs are 0.001o for f111g peaks, 0.002o for f220g
peaks and and f200g peaks. Thus, while the increase in the peak width averages at the
beginning and at the end of the specimen life by themselves are smaller than the an-
gular resolution of the detector, the total changes in the average peak widths from the
reference state of the specimen to specimen failure are not negligible quantities.
Macroscopically, the specimen is continuously cycled between two load end points
and accumulates plastic strain known as ratchetting. Macroscopically, this is a contin-
uous process and it is expected that the changes in peak widths will be continuous as
well. However, this is not the case when the peak widths are examined.
5.6.2 Individual Peak Widths
In this section and the next, several qs are chosen and the peak widths are measured
and decomposed using the method presented in x4.5. As discussed previously, a peak
width is associated with the instrument, the changes in dislocation densities, and the
distributionoftheelasticstrains. Itisnottheintentofthisorthenextsectiontospeculate
on the numerous causes for the changes in the dislocation density. Detailed treatment of
such topics are in [110]. The intention is to highlight the use of the elastic strain tensor
ﬁeld and the distribution associated with it along several ﬁbers over orientation space
and decompose the contribution from the distribution of the elastic strain distribution
from the total peak widths.
138(a) f111g (b) f220g
(c) f200g
Figure 5.71: The scattering vectors for the peak width analysis shown by the black
circles and the recalculated fhklg texture pole ﬁgures. Note that the
magnitude of z coordinates of qs are plotted and the actual coordi-
nates of qs are found in Table 5.11.
The peak width average shown in Figure 5.70 is taken for all qs for a particular fhklg.
Motivated by the directional dependence of lattice strain, the peak width measured in a
particular q for an fhklg is examined. Several qs are chosen for each fhklgbased on the
diraction peak intensities and the texture pole ﬁgure values at all qs interrogated. The
high peak intensities are chosen to increase the number of lattice planes participating in
the diraction and also to ensure that the peaks were ﬁtted properly. Figure 5.71 shows
the q considered and Table 5.11 lists the qs considered.
To examine how the peaks widths are changing, the peak widths for a particular q is
compared to the peak widths at the reference specimen state for the same q. Figure 5.72
139Table 5.11: The list of qs considered for the peak width analysis. The scattering
vectors are chosen based on the corresponding peak intensities and
the values from texture pole ﬁgures.
fhklg x y z label
111 0.9526 0.1361 -0.2722 a1
-0.5547 0 -0.8321 a2
-0.3333 -0.6667 -0.6667 a3
-0.4867 0.8111 0.3244 a4
220 0.5345 0.8078 0.2673 c1
0.3333 -0.6667 -0.6667 c2
-0.8078 0.2673 0.5345 c3
-0.3333 -0.6667 0.6667 c4
200 -0.7715 -0.1543 -0.6172 b1
-0.6667 -0.3333 -0.6667 b2
-0.2357 0.9428 0.2357 b3
0.9428 0.2357 -0.2357 b4
shows the results for the fhklgs and the qs listed in Table 5.11. Figure 5.73, shows the
same data but the change with respect to the peak widths measured at the specimen’s
reference state is plotted. In general, the change in the peak widths for qs in f111g
are small while the changes in f200g peak widths are large. Also, while the total peak
width presented in x5.6.1 showed that the average of the peak widths increase by similar
magnitudes for all fhklgs, picking particular qs show that in some qs for some fhklg, the
change can be large while others are not. An example is the f111g peaks widths; for the
qs considered, the peaks widths are almost constant throughout the specimen life. On
140(a) The f111g peak widths for qs prescribed in
Table 5.11.
(b) The f220g peak widths for qs prescribed in
Table 5.11.
(c) The f200g peak widths for qs prescribed in
Table 5.11.
Figure 5.72: The total peak widths, gtot
i (N), for the chosen qs measured at several
points in a specimen life during a CHD experiment.
the other hand, the f200g peaks widths are changing signiﬁcantly from the ﬁrst cycle to
specimen failure. For example, b1 shows a large change in the beginning of specimen
life then remains constant while b2 remains constant during specimen life but increases
at the end of specimen life. While the f111g and f200g peaks show smooth changes, the
f220g peaks changes are much more irregular and does not show the smooth trends seen
in Figure 5.70.
141(a) The change in f111g peak widths with re-
spect to its reference peak widths.
(b) The change in f220g peak widths with re-
spect to its reference peak widths.
(c) The change in f200g peak widths with re-
spect to its reference peak widths.
Figure 5.73: The change in total peak width with respect to the reference state of
the specimen for the chosen qs measured at several points in speci-
men life during a CHD experiment.
5.6.3 Individual Peak Widths without Lattice Strain Eects
In x5.6.2, the total peak widths for a set of qs for f111g. f200g, and f220g were presented.
With the distribution of elastic strain tensor, it is possible to decompose the peak widths.
The elastic strains along a particular ﬁber is converted to a standard deviation in 2,
using the method discussed in x4.5.
Figure 5.74 shows (rﬁb), the standard deviation in Bragg angle due to the distri-
bution of elastic strain over orientation space. Two conclusions can be drawn from
142(a) The standard deviation of the distribution
of Bragg angles, (rﬁb), where rﬁb considered
are f111gk a1, f111gk a2, f111gk a3, and f111gk
a4.
(b) The standard deviation of the distribution
of Bragg angles, (rﬁb), where rﬁb considered
are f220gk c1, f220gk c2, f220gk c3, and f220gk
c4.
(c) The standard deviation of the distribution
of Bragg angles, (rﬁb), where rﬁb considered
are f200gk b1, f200gk b2, f200gk b3, and f200gk
b4.
Figure 5.74: The standard deviation of the distribution of 2 ¯ n(N;q) calculated us-
ing the (N;r)s at several points in a specimen life for qs listed in
Table 5.11.
these plots. First, the contribution from the distribution of the elastic strain distribu-
tion on the peak width is small. Comparing the relative magnitudes between the total
peak widths presented in x5.6.2 and the contribution of the elastic strain distribution
on the peak width presented here, the contribution from gd
i (N) is approximately 0.1% -
0.2% of gtot
i (N). Also, gd
i (N) remains constant for most cases or even for ones that show
large ﬂuctuations, the ﬂuctuations are below the experimental angular resolution in most
cases.
143CHAPTER 6
CONCLUSIONS AND OUTLOOK
As seen in Chapter 5, the material behavior under cyclic loading is complicated and is
dierent from what many current researchers believe. In the following sections, several
remarks on speciﬁc topics are presented. First, a review of the experimental data is
presented in x6.1. In x6.2, the CCD experimental technique is reviewed. The utility
of the CHD experimental technique and the importance of quantifying the crystal stress
states is iterated in x6.3. Alternative constraints for the calculation of the LSDF from
the SPF data are proposed in x6.4.
6.1 General Remarks
As presented in Chapter 1, understanding the material behavior under cyclic loading
remains a challenging problem. In the present work, the cyclic behavior of OFHC cop-
per was studied using XRD. Two experimental techniques were developed. In the CCD
experiments, the cyclic loading is not paused and the XRD data were recorded for a
speciﬁc sample orientation with respect to the incident beam. In the CHD experiments,
the cyclic loading was paused to increase the SPF coverage. The SPFs were measured
at various points in a specimen’s life and the orientation-wise crystal stresses were cal-
culated. While using the methodology presented in [79], consistency checks using the
Rspf and the (N) were used to ﬁnd the most reasonable (N;r). Certainly, the stress
state of a crystal embedded in an aggregate is dependent upon its neighborhood. In this
work, however, all crystals with same orientation, regardless of their neighborhoods, are
assumed to have the same stress state.
Similar to the previous works [8, 9], the CHD experiments on polycrystalline copper
144samples also showed that the crystal stress states are dierent from the applied macro-
scopic stress. It is important to note that the SPFs acquired from two independent syn-
chrotron sources were used to calculate the SODFs. The SODFs from the two syn-
chrotron sources yielded similar results when appropriate set of SPFs were used. This
conﬁrms that employing the powder diraction method to ﬁnd the crystal stress states
over orientation space is repeatable. The CHD experimental results acquired based on
the same mechanical loading parameters from two independent synchrotron sources
conﬁrm that the orientation-wise crystal stress states measured from suciently large
aggregates conﬁrm that such measurements are repeatable. The crystal stresses in this
work are closely related to the applied macroscopic loading. The 11-component of the
crystalstressesare, ingeneral, thelargest, consistentwiththeappliedmacroscopicstress
shown in Equation 5.1. Thus the applied macroscopic load is the ﬁrst order inﬂuence on
the crystal stress state. However, the magnitudes of the 22- and the 33-components of
the crystal stresses are not negligible and the shear stresses are also signiﬁcant.
It is also important to note that the major features of the SODFs are established at
the ﬁrst cycle. If the major features of the SODFs are determined at the ﬁrst cycle, it
implies that the crystal stress states are determined by an orientation dependent prop-
erty. Recent work [114] indicates that the single crystal yield surface is an important
property that determines the crystal stress states and its evolution. In [114], a sintered
copper specimen was loaded in uniaxial tension and the SPFs were measured before and
after the macroscopic yield. The corresponding SODFs were calculated using the SPF
data. It was found that the crystal stresses over orientation space were dependent on
the yield surface of the single crystal copper1. The SODFs calculated for pre and post
macroscopic yield also showed that the major features of the SODFs are established in
1It is postulated in the single crystal yield surface construct that the crystal stresses must evolve to a
state where an unconstrained deformation can take place. Readers are referred to [115] for detail on the
single crystal yield surface.
145the pre macroscopic yield and the crystal stresses move closer to states that allow an
unconstrained deformation. While not veriﬁed here using the crystal stress states of the
OFHC copper, it is reasonable to believe that the crystal stress states in this case are also
determined by the single crystal copper’s yield surface. This implies that the crystal
orientation is an important inﬂuence on the crystal stress state even when the aggregate
is subjected to cyclic loading. At the same time, it was also found that the evolution
of the crystal stresses with respect to the specimen life is small but not negligible. It is
yet to be determined whether the evolution of the SODF is entirely due to the SODFs
evolving to crystal states that can accommodate an unconstrained crystal deformation.
The idea that the crystal stress states are determined by the applied macroscopic stress
and the single crystal yield surface is an interesting analysis method and will be pursued
in the future.
The CCD and CHD experimental data were compared and the stress along speciﬁc
ﬁbers were studied in more detail. It is found that the stress states along these ﬁbers
rotate about the ND as indicated by one of the principal directions of the crystal stress
along the ﬁbers aligning with the ND. The corresponding principal stress is close to
zero. Thus, the stress states along these ﬁbers are in a state of plane stress. It is the
in-plane rotation about the ND and the slight increase in the magnitudes of crystal stress
that contribute the evolution of the LD lattice strains. This maybe related to the fact
that the specimen is thin along the ND. Therefore,the SODF no only depends on the
applied macroscopic loading and the single crystal yield surface but also the specimen
geometry.
While it was intent of this work to ﬁnd the change in the SODF that may indicate
the initiation or propagation of cracks at the grain scale, the data presented in this work
do not show a clear link between the evolution of SODF and crack initiation and propa-
146gation. This is expected. As alluded in Chapter 1, while there are many defects present
in the polycrystalline aggregate in its reference state, not all defects eventually become
grain scale cracks and grow into a large crack. If, as initially intended, all crystals in
an aggregate with a prescribed orientation all develop cracks, it is most likely that the
crystal stress for the prescribed orientation will develop signiﬁcant changes in magni-
tude and direction. But any changes in orientation space must also ensure that the the
sum of the SODF must equal the applied stress. Thus, the changes in orientation space
with specimen life is not limited to one single point or a region in orientation space but
throughout the whole space for dierent SH modes. This is observed in the SH analysis
results described in x5.5.1 and x5.5.2 where coecients for multiple modes changed at
the same time during the life of a specimen.
From the SH analysis results, the changes in mode 1 especially for the normal com-
ponents of crystal stresses are the most prominent. The development and changes in
the pressure component of the crystal stress in some parts of orientation space are in-
teresting. The initiation of voids are often related to the development of the pressure
components and regions in the orientation space where such stress state develop may be
a link between orientation and crack initiation. However, as discussed in [9] and brieﬂy
in x4.3, the minimization function used to calculate the LSDF from the SPF data (Equa-
tion 4.10) involves a smoothness constraint for the dilatation of the lattice strain tensor.
Such a constraint can cause an artiﬁcially large coecient for SH mode 1. This issue is
discussed further in x6.4.
The peak broadening phenomenon was observed when the peak widths for all scat-
tering vectors were averaged for a particular fhklg. The broadening is common to all
fhklgs interrogated in this work. Typically, the changes in peak width are associated
with large deformation of a polycrystalline aggregate. The work by Warren and Aver-
147bach [101] showed that in a cold rolled steel, the peak widths measured at the rolled
state change signiﬁcantly from its reference state and attributed it to the large permanent
deformation and the increase in dislocation density. In this work, the specimen did not
undergo a large deformation (Figure 5.7) but it also possible that the repeated loading
can also cause changes in dislocation density. Formation of dislocation even when a
polycrystalline aggregate is subjected to nominally small cyclic macroscopic load is a
common microscopy observation (i.e. transmission electron microscopy observations).
The results from the peak broadening analysis also indicate that there is some di-
rectional dependence to the peak broadening phenomenon similar to the lattice strain
measurements. For example, in the case of lattice strain measurements, the magnitude
of lattice strains in the LD depends on the single crystal directional modulus. Simi-
larly, the peak broadening is the largest in the f200g peaks with large variation over
dierent scattering vectors and is the smallest in the f111g peaks with small variation
over dierent scattering vectors. This maybe related to varying degrees of slip system
strength [107]. Increased peak width with appropriate normalization can generally be
correlated with increased slip system strength and the peak broadening for dierent scat-
tering vectors show that there is a varying degree of slip system hardness evolution as
the aggregate is cycled.
As previously discussed, signiﬁcant averaging occurs in the powder diraction
method and SODF calculation method. Thus, it is expected that, while the elastic strain
distribution locally may be subjected to large changes prior or during crack initiation,
the elastic strain distribution calculated from the LSDF will show a small variation. In-
deed, the contribution from the elastic strain distribution on the peak width was found
to be small in general and remains small throughout the life of a specimen.
1486.2 The CCD Experimental Method
The CCD experiment was designed to measure the real-time evolution of the lattice
strains for several fhklgs in a limited number qs. From these experiments, a real-time
snapshot of the evolution of lattice strains during cyclic loading is acquired. This data
was used in x5.5.3 as a benchmark to verify that the CHD experiment is measuring a
similar state of the polycrystalline aggregate by comparing a common set of scattering
vectors. The inversion method presented by [79] demands a large SPF coverage for
many fhklgs. With a limited lattice strain information from the CCD experiments, it is
impossible to compute the LSDF and the resulting SODF. The utility of quantifying the
crystalstressstatesinapolycrystallinematerialundercyclicloadingconditioncannotbe
emphasized enough. Without an accurate picture of the crystal stresses, understanding
the crack nucleation and initiation under seemingly benign cyclic loading condition will
remain a mystery.
The main issue with the CCD experiment is that sample reorientation during a CCD
experiment is impossible and thus insucient number of qs are interrogated. One pos-
sible method to acquire a large SPF coverage from a CCD experiment is to repeat the
CCD experiments using many specimens for dierent sample orientations with respect
to the x-ray beam. The load end points would be chosen based on an S-N curve and the
XRD experiments would be performed at the same points in specimen life for multiple
specimens.
The challenge associated with using a multiple set of specimens to increase the SPF
coverage is the accuracy of life prediction based on the S-N curve. If for one specimen
oriented (!1, 1) with respect to the incident beam, the XRD were performed at cycle
number N1, is performing the XRD at the same cycle number N1 for another specimen
149oriented in (!2, 2) interrogating the same state of the material? Unless both speci-
mens fail at the same number of cycles (or reasonably close number of cycles), the two
diraction experiments are not interrogating the same state of material and thus com-
bining lattice strain information from the two specimen is not appropriate.
As a real-time measure of the lattice strains, the current setup is limited by the x-
ray detector. As discussed in x2.3.1, the area detectors active at high energies with fast
read-out time are rare. Due to this reason, the synchronization method and the chopper
were developed to enable the CCD experiments.
However, driven by the medical x-ray demands, faster area detectors active at high
energies are beginning to come on-line. Many charge-coupled-devices are becoming
more sensitive to high energy x-rays with large active area for x-ray detection. Amor-
phous Si detectors that are more sensitive at high energies, are large in detection area
and capable of micro-second read-out time per image are also available [116]. These
new detectors will make the current CCD experimental procedure obsolete and enable
new modes of experimentation. For example, instead of only capturing the lattice strain
at the peak of a sinusoidal load cycle, the diraction images at every point in a sinu-
soidal load cycle can be captured. Taking advantage of their high sensitivity at hard
x-ray regime, the lattice strains at many more scattering vectors for many fhklgs can be
measured.
6.3 The CHD Experimental Method and the SODF
In x5.6, the peak width analysis and the decomposition of the peak width between the
elastic contribution and the changes in dislocation density contribution were performed.
Without the (N;r), the eect of elastic strain distribution is impossible to decompose.
150Such decomposition is useful in understanding the partition of deformation.
In this work, the CCD and CHD experimental data were compared to establish that
the CHD experiments are in fact a close approximation of the real-time measurement of
the material behavior under cyclic load measured using the CCD experimental method.
Although based on only a limited number of qs, the SODF calculated from the CHD
data can be considered as a real-time picture of the crystal stress states.
In this section, more applications of the (N;r) and (N;r) are presented to illustrate
the use of the SODF. For illustration purposes, the (1;r) from Case C is used.
6.3.1 The Eect of Crystal Stress State
Many researchers use slip mechanism in a crystal to explain the formation of micro-
cracks. Repetition of slip along a preferred slip plane determined by the largest resolved
shear stress on a slip system is commonly used to explain the formation of persistent slip
bands and eventually cracks. While these ideas reside in the grain and sub-grain scale,
the crystals are often assumed to be in the same stress state as the applied macroscopic
stress. The slip system with the highest shear may be dierent when the crystal stress
from (N;r) is used instead of the applied macroscopic stress. For an fcc crystal there
are 24 independent slip systems of type h110if111g and slip occurs on a slip system if
the resolved shear stress on the slip system is larger than the critical resolved shear stress
of the slip system [4].
A classic assumption for the crystal stresses is the iso-stress assumption where the
crystal stresses are identical to the macroscopic stress applied on the sample. The re-
solved shear stresses and the active slip system can be found based on the crystal ori-
151(a) The active slip system number over orientation space assuming an iso-
stress condition for all crystals (top) and assuming the (N;r) as the crystal
stresses (bottom).
(b) A histogram comparing the number of crystals in each slip system using the iso-
stress assumption and the (N;r) as crystal stresses.
Figure 6.1: Active slip systems based on a single slip model.
entations. The same operation can also be performed using (N;r) as well. Figure 6.1
compares the active slip systems using the iso-stress assumption and the (N;r) as the
crystal stresses. While the active slip system results look similar, there are subtle dier-
ences. Thus, it is insucient to assume that the crystal stress state is equivalent to the
sample stress states.
152Figure 6.2: The crystal elastic strain energy density over orientation space calcu-
lated using the (N;r) and the (N;r).
6.3.2 The Elastic Strain Energy and the SODF
Another value of computing the (N;r) and the (N;r) is the distribution of elastic en-
ergy density over orientation space. Figure 6.2 shows the elastic strain energy calculated
using Equation 4.14.
The sum of crystal elastic strain energy over orientation space is also calculated for
Case C and compared to the macroscopic elastic strain energy density. Figure 6.3 shows
the result. The macroscopic elastic strain energy is calculated using the total strain mea-
sured by the strain gauge combined with the displacement data from the macroscopic
load history data. The elastic modulus of the bulk is assumed to be constant and the
elastic strain portion of the total strain can be deduced knowing the macroscopic load
applied on the specimen. In this case for the OFHC copper, the macroscopic elastic
strain energy density is constant and is 0.3 MJ=m3. The sum of elastic strain energy is
calculated using Equation 4.15 with the crystallographic texture as the weights. Figure
6.3 shows that the sum of crystal elastic strain energy density is constantly smaller than
the macroscopic counterpart by approximately 10% to 30%.
153Figure 6.3: The weighted sum of the crystal elastic strain energy compared to the
elastic strain energy applied on the sample.
6.4 Modiﬁed Constraints for the LSDF Calculation
In x4.3, the inversion method summarized by Equation 4.10 was described. Two ar-
bitrary conditions were imposed. The ﬁrst was the smoothness of the (N;r) over the
orientation space and the second was the smoothness of the dilatation of the (N;r)
over orientation space. While these constraints help with constraining the minimizing
function, here, two additional constraints are proposed.
The ﬁrst is imposing that the (N) and the S(N) are identical. This was examined
in x5.4.2. The second is imposing that the applied macroscopic elastic strain energy,
U(N), and the weighted sum of the crystal elastic strain energy, (N), are identical. Of
course, the two constraints assume that the single crystal moduli are well known. As the
single crystal moduli change the resulting (N;r) signiﬁcantly, caution is needed when
the two new constraints are imposed.
Ultimately, combining the single grain experiments (discussed in x2.1)where the
154behavior of an individual grain under a macroscopic loading and the powder diraction
experiments combined with the (N;r) calculation method can be used to validate the
LSDF results.
155APPENDIX A
SPHERICAL HARMONIC FUNCTIONS FOR CUBIC ORIENTATION SPACE
As discussed in x4.4, the SH analysis is used to pick out the main features for a ﬁeld
over orientation space. The SH functions, i(r), deﬁned for the cubic orientation space
are shown here. A total of 23 SH modes were used in the present work and are shown
in the following ﬁgures.
(a) SH mode 1 (b) SH mode 2 (c) SH mode 3
Figure A.1: SH modes 1 - 3
(a) Mode 4 (b) Mode 5 (c) Mode 6
Figure A.2: SH modes 4 - 6
(a) Mode 7 (b) Mode 8 (c) Mode 9
Figure A.3: SH modes 7 - 9
156(a) Mode 10 (b) Mode 11 (c) Mode 10
Figure A.4: SH modes 10 - 12
(a) Mode 13 (b) Mode 14 (c) Mode 15
Figure A.5: SH modes 13 - 15
(a) Mode 16 (b) Mode 17 (c) Mode 18
Figure A.6: SH modes 16 - 18
(a) Mode 19 (b) Mode 20 (c) Mode 21
Figure A.7: SH modes 19 - 21
157(a) Mode 22 (b) Mode 23
Figure A.8: SH modes 22 - 23
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